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SECTION  I 
INTRODUCTION 

Increasing  demand  for  Improved  system  performance,  specially  In  the 
aerospace  Industry,  has  Increased  the  emphasis  on  more  efficient  system 
design  with  lower  safety  factors,  on  materials  with  Improved  mechanical 
properties  and  on  advanced  manufacturing  techniques.  The  demand  for  Im- 
proved performance  coupled  with  higher  cost  for  materials,  manpower, 
equipment,  and  for  higher  cost  of  no  longer  so  plentiful  energy  sources 
are  responsible  for  Increasing  product  cost. 

Technological  advances  In  every  field  (material,  design,  processing) 
are  needed  to  produce  cost  effective,  long-life  systems.  One  area  that 
offers  a potential  for  reduced  cost  with  no  deterioration  or  with  Im- 
proved mechanical  properties  Is  material  processing,  In  particular.  Iso- 
thermal forging. 

The  potential  advantages  of  Isothermal  forging  are  numerous  and  could 
result  In  lower  cost  of  parts  with  more  uniform  and  Improved  mechanical 
properties  (References  1,  2,  15,  16).  The  lack  of  popularity  of  the  pro- 
cess Is  purely  economical.  The  cost  of  dies  needed  for  forging  of  the 
alpha  + beta  type  titanium  alloys  traditionally  used  are  prohibitive. 

The  high  forging  temperatures  Imposed  by  the  alpha  + beta  transus  of  these 
alloys,  require  more  creep  resistant  die  materials  at  competitive  cost 
(Reference  1). 

The  lower  transus  temperature  of  the  newly  developed  beta  or  near 
beta  titanium  alloys  offer  broader  selection  of  lubricants  and  a broader 
selection  of  less  expensive  die  materials,  an  Increased  die  life,  and  a 
lower  energy  necessary  to  heat  the  billet.  A significant  advantage  of 
Isothermal  forging  Is  the  possibility  of  producing  net  shape  parts, 
eliminating  the  need  for  extensive  post  processing  machining  (Reference 
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1).  All  these  factors  contribute  to  the  potential  lower  cost  of  Isother- 
mal forgings  of  beta/near  beta  titanium  alloys.  For  these  reasons 
primarily.  Isothermal  forging  of  beta/near  beta  titanium  alloys  Is  of 
Interest  to  the  Air  Force  for  production  of  parts  for  advanced  weapon 
systems.  The  selection  and  utilization  of  an  alloy  for  production  of 
parts  for  a given  application  depends  on  the  choice  of  the  optimum  pro- 
cessing parameters  and/or  heat  treatment  necessary  to  obtain  the  desired 
geometrical  mechanical  and  metallurgical  properties  In  the  most  economi- 
cal manner.  A sound  selection  requires  a good  understanding  of  the  effects 
of  Isothermal  forging  on  the  properties  and  microstructure  of  all  the  alloys 
being  considered.  The  work  presented  here  provides  guidelines  of  such 
effects  for  T1 -alloy  10V-2Fe-3Al. 

1.  TITANIUM:  GENERAL  INFORMATION  (REFERENCES  3,  4,  5) 


Titanium  Is  a relatively  light  element,  with  a density  of  0.163  lb/ 
3 3 

In  (4.5gm/cm  ),  an  excellent  corrosion  resistance  up  to  about  400°C  and 
a relatively  high  strength  to  weight  ratio  (see  Table  1 for  properties 
of  titanium).  For  these  reasons,  titanium  and  Its  alloys  have  an  Impor- 
tant Industrial  application. 


Titanium  is  an  allotopic  element.  It  exists  as  hexagonal  close  pack 
(a)  from  room  temperature  up  to  882°C.  At  this  temperature  It  trans- 
forms to  a body  center  cubic  (8).  Alloying  elements  affect  this  trans- 
formation temperature.  Some  elements  like  A1 , Sn,  C,  0,  and  N raise  the 
temperature  at  which  the  transformation  occurs.  These  elements  are  called 
alpha  stabilizers.  Oxygen  and  nitrogen  tend  to  Increase  hardness  and  re- 
duce ductility  making  titanium  brittle  and  more  difficult  to  form.  Other 
elements  such  as  Fe,  Mn,  Cr,  Mo,  Cu,  V,  Nb,  and  Ta  stabilize  the  trans- 
formation temperature  at  lower  temperatures.  These  elements  are  called 
beta  stabilizers. 
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Titanium  Is  very  seldom  utilized  In  Its  more  pure  elemental  form. 

Most  commonly  It  Is  used  as  an  alloy  and  very  seldom  of  the  binary  type. 
Titanium  alloys  commonly  have  two  or  more  alloying  elements,  neverthe- 
less phase  diagrams  for  other  than  binary  alloys  are  not  readily  avail- 
able. (See  References  6-8  for  phase  diagram  of  titanium  alloys). 

Titanium  alloys  are  divided  Into  three  major  categories  according 
to  the  predominant  phase  at  room  temperature,  alpha  alloys,  alpha  + beta 
alloys,  and  beta  alloys. 

The  alpha  stabilized  alloys  have  a high  (a  + 8)/6  transformation 
temperature.  Alloys  of  this  type  usually  have!  good  ductility  at  low 
temperatures,  good  high  temperature  creep  streng'th,  and  relatively  weak 
dependency  of  stress  on  temperature.  They  are  considered  weldable  but 
not  heat  treatable  and  their  mechanical  properties  are  not  too  sensitive 
to  changes  In  microstructure. 

Alpha  + beta  alloys  are  heat  treatable,  their  strength  levels  are 
medium  to  high,  they  possess  good  forming  qualities,  and  lower  creep 
strength  than  alpha  alloys. 

The  beta  alloys  have  the  best  response  to  heat  treatment,  have  high 
strength,  good  formablllty,  are  generally  weldable  and  have  lower  (a  + B)/e 
transformation  temperatures.  Most  beta  alloys  are  considered  to  have 
higher  hardenablllty  than  the  alpha  or  alpha  + beta  alloys. 

The  structures  that  can  be  found  In  titanium  alloys  depend  largely 
on  the  type  alloy  being  considered  and  the  thermal  history,  heat  treat 
temperature,  and  cooling  rate.  Excellent  treatments  on  titanium  struc- 
tures are  available  In  the  literature  (References  4,  9,  10)  and  an  ex- 
haustive treatment  will  not  be  presented  here.  A summary  of  the  structures 
Is  shown  In  Table  2. 
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2.  TITANIUM  ALLOY  10V-2Fe-3Al 

Titanium  alloy  10V-2Fe-3Al  Is  a near  beta  alloy  with  a nominal  com- 
position of  10  w/o  vanadium,  2 w/o  Iron,  and  3 w/o  aluminum.  This  alloy 
was  developed  by  Titanium  Metals  Corporation  of  America  as  a highly 
hardenable,  high  fracture  toughness  alloy.  Being  a beta  alloy  it  has  a 
marked  dependency  of  stress  on  temperature.  It  Is,  nevertheless,  recom- 
mended for  use  up  to  about  310°C.  At  this  temperature  10V-2Fe-3Al  retains 
about  80%  of  Its  room  temperature  strength  (Reference  11). 

T1-10V-2Fe-3Al  Is  heat  treatable.  The  resulting  high  strength  that 
can  be  achieved  during  heat  treatment  Is  due  to  a fine  dispersion  of  alpha 
particles  In  a beta  matrix. 


Evidence  exists,  strongly  suggesting,  that  T1-10V-2Fe-3Al  exhibits 
stress  Induced  transformations  (Reference  14).  This  phenomenon  has  not 
been  fully  documented  and  characterized. 

Little  work  has  been  published  on  the  stress-strain  rate-temperature 
relation  for  T1-10V-2Fe-3Al . The  only  such  relation  known  was  reported 
by  Rosenberg  (Reference  13)  on  work  by  Chen  (Reference  8): 


0.451  a2’72  expA 


/-36600\ 
\ RT  ) 


where  the  strain  rate  (£)  Is  In  sec.  \ the  flow  stress  (a)  Is  In  MPa 
and  T Is  the  absolute  temperature  In  degree  Kelvin.  Equation  1 Is 
applicable  In  the  temperature  range  704°C  to  982°C  and  In  the  strain 

rate  range  1.67  x 10-3  sec.  -1  to  8.33  x 10-5  sec.  _1. 


Rosenberg  (Reference  13)  also  reported  on  the  findings  of  Paton  and 
Hamilton  on  the  effects  of  strain  rate  on  the  Inverse  of  the  stress  expo- 
nent n.  Paton  and  Hamilton  found  that  the  value  of  m In 


* 
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Is  not  a constant  for  T 1 -1 0V-2Fe-3Al . The  Inverse  of  the  stress  expo- 
nent has  a maximum  value  of  m * 0.37  at  about  e = 1(T^  sec.  -1  (n  = 2.70). 
This  value  of  m Is  In  good  agreement  with  Chen's  value  of  n. 


TABLE  1 

PROPERTIES  OF  COMMERCIALLY  PURE  TITANIUM 


Density 

4.5  gm/cm3 

Atomic  Number 

22 

Atomic  Weight 

48.90  gm/gm  Mole 

Melting  Point 

1668#C 

Allotropic  Change 

o(HCP)below  882°C 
B(BCC)above  882°C 

Modulus  of  Elasticity 

16  x 10&  psi 

Room  Temperature  Ultimate  Tensile  Strength 

40000  psi 

Yield  Strength  (0.2  Z Offset) 

30000  psi 

Elongation  in  2 inch  Gage  Length  (X) 

25 

Coefficient  Thermal  Expansion  (0  - 100*C) 

4.8  x 10“6  in/in/F 
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TABLE  2 

STRUCTURES  IN  TITANIUM  (REFERENCES  4,  9,  10) 


STRUCTURE 


CHARACTERISTICS 


PRODUCED  BY/PRODUCED  IN 


Serrated  Alpha 


Jagged  boundaries, 
nonuniform  grain 
size. 


Rapid  cooling  from  above 
beta  transus,  alpha  alloy 
and  pure  titanium. 


Primary  Alpha 


Equlaxed,  untrans- 
formed alpha. 


Holding  at  temperature  in 
alpha  + beta  region,  by 
slow  cooling. 


Alpha  Prime 


Aclcular  Alpha 


Widmanstatten 


Nonequilibrium  pro- 
duct, supersaturated, 
alpha  produced  by 
diffusionless  decom- 
position from  beta. 


Fine  needle- like 
alpha. 


Aclcular  or  plate- 
like, fine  or  coarse, 
Interchangeable  with 
aclcular,  term  aclcu- 
lar generally  limited 
to  fine  structure. 


Rapid  cooling,  beta  lean 
alloys. 


Cooling  from  beta  field, 
nucleatlon  and  growth 
process,  alpha  or  alpha- 
beta  alloys. 


Cooling  from  beta  field, 
nucleatlon  and  growth 
process,  alpha  or  alpha- 
beta  alloys,  cooling  rate 
affects  primarily  the 
plate  width. 


Intergranular 

Beta 


Beta  precipitate  In 
boundaries  of  alpha 
grains. 


Omega 


Nonequilibrium  phase, 
submlcroscoplc,  brit- 
tle and  hard. 


Occurs  upon  aging  beta 
alloys  with  relatively 
lean  beta  stabilizers. 


r 





AFML-TR-78-114 


TABLE  3 

PROPERTIES  AND  CHARACTERISTICS  OF  T1-10V-2Fe-3Al 


Density  (Reference  11) 
Beta  Transus 

Modulus  of  Elasticity  at 
Room  Temperature 

Forgeability 


Recommended  Heat  Treatment 
(STA)  (Reference  11) 

Resulting  Properties 
(Reference  11)  (c) 


Fatigue  Strength 
(Reference  11) 


0.168  lbs/1n3 

799  + 6C  (1470  + 10F) 

12  to  15  x 10®  psl  (as  forged,  depending 
on  conditions) 

The  flow  stress  of  T1-6A1-4V  Is  better 
than  2.5  times  that  of  T1-10V-2Fe-3Al  up 
to  a strain  of  approximately  0.65  In/In 
for  a forging  temperature  of  1500°F  and 
a forging  speed  of  0.030  1pm  (Reference 
12).  The  flow  of  T1-10V-2Fe-3Al  at  1089K 
Is  comparable  to  that  of  T1-6A1-4V  at 
1200K  (as  reported  by  Rosenberg  (Refer- 
ence 13)  on  work  by  Chen  (Reference  8). 

1400°F/1  Hr/^Q 
950°F/8  Hrs/AC 


155  - 180  ksl  UTS 
145  - 170  ksl  YS 
8 - 10*  El 

15  - 20%  RA 

Notched  (KT  • 3.5)  30  ksl,  unnotched  70 
ksl  for  107  cycles  and  YS  = 1 50  ksl 


78  ksl/Tn  with  a yield  strength  of  132 
ksl  and  ultimate  strength  of  142  ksl. 
Thermomechanical  treatment:  forged  at 
1 500°F/ AC  plus  aged  at  1200°F/8  hrs/AC. 

24  ksl  /r?T  with  a yield  strength  of  147 
ksl  and  ultimate  strength  of  180  ksl. 
Thermomechanical  treatment:  forged  at 
1400°F  plus  heat  treated  at  1400°F/1  hr/ 
WQ  and  aged  at  900°F/8  hrs/AC. 

Phases  and  Structures  Reported  Alpha,  beta,  omega,  alpha  prime  or  tltan- 
for  the  Alloy  lum  martensite,  twinning. 

Lattice  Parameters  (d)  Alpha  Phase 

a = 2.93595  A 
b * 2.93595  A 
c * 4.67454  A 

Beta  Phase  0 

a * b 1 c * 3.23809  A 


Fracture  Toughness 
(Reference  14) 


(b)  From  present  work 

unless  otherwise  Indicated. 

(c)  Properties  obtained,  depend 
on  section  thickness. 

(d)  Determined  by  X-Ray  dif- 
fraction. 
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1.  FORGING 


SECTION  II 
LITERATURE  REVIEW 


Thermomechanical  processing  Is  the  shaping  of  a metal  using  mechani- 
cal deformation  and  temperature.  In  a broad  sense,  thermomechanical  pro- 
cessing Includes  not  only  geometrical  changes,  but  also  the  development 
of  the  required  mechanical  and  metallurgical  properties.  Forging  is  only 
one  of  many  deformation  processes,  other  processes  Include:  extrusion, 
swaging,  rolling,  and  drawing. 


Forging  Is  the  deformation  of  a metal  to  obtain  a desired  geometry 
by  hammering  or  pressing.  It  can  be  used  as  a massive  deformation  pro- 
cess or  as  a final  operation.  Forging  by  hammering  produces  deformation 
primarily  on  the  surface  of  the  workpiece,  whereas  the  pressing  operation 
results  In  a deeper  and  more  uniform  deformation.  Forging  can  be  accom- 
plished with  the  workpiece  and  dies  at  different  temperatures  or  at  the 
same  temperatures.  The  former  Is  conventional,  the  latter  Is  termed 
Isothermal . 

Conventional  forging  of  titanium  alloys  Is  usually  carried  out  with 
the  dies  at  about  425°C  (Reference  15)  regardless  of  workpiece  tempera- 
ture, which  depends  on  the  alloy.  The  forging  speeds  employed  are  usually 
very  fast  In  order  to  limit  workpiece  chilling  to  a minimum,  and  In  order 
to  control  the  temperature  between  the  narrow  limits  required  to  obtain 
the  desired  microstructure  and  properties.  Since  the  flow  stress  of 
titanium  Is  very  sensitive  to  strain  rate,  high  forging  speeds  result  In 
high  flow  stresses.  The  complexity  of  the  part  and  the  degree  of  detail 
In  the  final  forging  also  contributes  to  higher  forging  loads.  The  high 
loads  and  the  chilling  of  the  workpiece  limit  the  deformation  before  re- 
heating Is  necessary.  It  Is  not  unconmon  to  use  multiple  forging  steps 
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TABLE  3 

PROPERTIES  AND  CHARACTERISTICS  OF  T1-10V-2Fe-3Al 


Density  (Reference  II) 


0.168  Tbs/In3 


Beta  Transus 

Modulus  of  Elasticity  at 
Room  Temperature 

Forgeability 


Recommended  Heat  Treatment 
(STA)  (Reference  11) 

Resulting  Properties 
(Reference  11)  (c) 


Fatigue  Strength 
(Reference  11) 


799  + 6C  (1470  + 10F) 

12  to  15  x 106  psl  (as  forged,  depending 
on  conditions) 

The  flow  stress  of  T1-6A1-4V  Is  better 
than  2.5  times  that  of  T1-10V-2Fe-3Al  up 
to  a strain  of  approximately  0.65  In/In 
for  a forging  temperature  of  1500°F  and 
a forging  speed  of  0.030  1pm  (Reference 
12).  The  flow  of  T1-10V-2Fe-3Al  at  1089K 
Is  comparable  to  that  of  T1-6A1-4V  at 
1200K  (as  reported  by  Rosenberg  (Refer- 
ence 13)  on  work  by  Chen  (Reference  8). 

1 400° F/l  Hr/WQ 
950°F/8  Hrs/AC 


155  - 180  ksl  UTS 
145  - 170  ksl  YS 
8 - 10%  El 

15  - 20%  RA 

Notched  ( KT  * 3.5)  30  ksl,  unnotched  70 
ksl  for  10?  cycles  and  YS  = 150  ksl 


Fracture  Toughness 
(Reference  14) 


Phases  and  Structures  Reported 
for  the  Alloy 

Lattice  Parameters  (d) 


78  ksl/Tn  with  a yield  strength  of  132 
ksl  and  ultimate  strength  of  142  ksl. 
Thermomechanlcal  treatment:  forged  at 
1500#F/AC  plus  aged  at  1200°F/8  hrs/AC. 

24  ksl  /TrT  with  a yield  strength  of  147 
ksl  and  ultimate  strength  of  180  ksl. 
Thermomechanlcal  treatment:  forged  at 
1400°F  plus  heat  treated  at  14C0°F/1  hr/ 
WQ  and  aged  at  900°F/8  hrs/AC. 

Alpha,  beta,  omega,  alpha  prime  or  titan- 
ium martensite,  twinning. 

Alpha  Phase 
a * 2.93595  A 
b ■ 2.93595  A 
c ■ 4.67454  A 

Beta  Phase  „ 

a - b - c - 3.23809  A 


(b)  From  present  work 

unless  otherwise  Indicated. 

(c)  Properties  obtained,  depend 
on  section  thickness. 

(d)  Determined  by  X-Ray  dif- 
fraction. 
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with  reheating  of  the  workpiece  between  steps.  Since  the  cost  of  the 
dies  Is  high.  It  Is  common  practice  to  reduce  the  number  of  forging  dies 
and  produce  parts  with  dimensions  larger  than  the  final  desired  part. 
Costly  machining  of  the  part  Is  necessary:  the  material  removed  can  be 
of  the  order  of  80%  of  the  volume  of  the  forging  (Reference  15). 


Since  the  workpiece  and  the  dies  are  at  the  same  temperature.  Iso- 
thermal forging  has  certain  advantages  (References  2,  15,  16)  over  conven- 
tional forging.  Chilling  of  the  workpiece  Is  eliminated,  therefore  slower 
speeds  can  be  used,  and  consequently  this  results  In  lower  loads.  Better 
control  of  the  speed  and  temperature  results  In  more  uniform  properties. 
The  lower  loads  needed  for  Isothermal  forging  compared  to  conventional 
forging  allow  more  complex  and/or  larger  forging  with  the  same  equipment. 
Other  advantages  Include  reduction  of  the  number  of  dies  needed  to  pro- 
duce a forging  and  closer  tolerances  which  translate  Into  less  material 
used  and  little  or  no  machining  necessary. 


2.  EFFECT  OF  FORGING  ON  PROPERTIES 

The  effect  of  forging  on  the  properties  of  titanium  alloys  has  re- 
ceived considerable  attention  In  the  past  (References  1,  2,  13-26,  30-31). 
The  alloys  studied  cover  a wide  range  Including  alpha,  alpha-beta,  and 
beta  type  alloys.  The  properties  Investigated  Include  tensile  strength, 
fracture  toughness,  time-stress  rupture,  and  fatigue.  A summary  is  shown 
In  Table  3 relating  the  properties  considered,  the  alloys,  references, 
and  other  Information  considered  pertinent. 


The  majority  of  the  work  on  the  effect  of  forging  on  properties 
deals  with  conventional  forging.  During  conventional  beta  forging  the 
workpiece  Is  Initially  heated  In  the  beta  region,  but  since  the  process 
Is  not  Isothermal,  as  the  deformation  proceeds,  the  temperature  of  the 
workpiece  changes.  Even  considering  the  heat  developed  due  to  the  high 


r 


T 


AFML-TR-78-1 14 

strain  rates  used,  some  Investigators  believe  that  as  much  as  75%  of  the 
deformation  may  occur  In  alpha  + beta  region  (Reference  31).  Many  of  the 
Investigations  comparing  the  effects  of  alpha  + beta  and  beta  forging  In- 
cluded post  forging  heat  treatments.  These  heat  treatments  used  may 
themselves  emphasize  or  de-emphaslze  the  effect  of  the  forging  operation. 

a.  Effects  on  Tensile  Properties 

Forging  titanium  alloys  In  the  alpha  + beta  region  results  in 
Improved  tensile  properties  compared  to  forging  In  the  beta  region  (Refer- 
ences 14,  17,  18,  20,  21,  22,  26,  31).  Only  Chen  and  Gure  (Reference  22) 
Investigated  the  effects  of  Isothermal  forging  on  tensile  properties  of 
T1-10V-2Fe-3Al . All  others  Investigated  Conventional  forging. 

The  work  of  Bohanek  (Reference  14) Is  an  exception  of  the  effects 
of  forging  on  tensile  properties.  Bohanek  measured  the  tensile  properties 
of  T1-10V-2Fe-3Al  after  forging  at  three  different  temperatures,  one  in 
the  alpha  + beta  region  (1400°F)  and  two  In  the  beta  region  (1550°F, 

1700°F).  The  forgings  were  air-cooled  and  given  two  aging  treatments. 

After  processing,  tensile  properties  were  determined  for  all  six  condi- 
tions. The  yield  strength  (0.2%  offset)  and  ultimate  strength  of  the 
beta  forged  (1550°F,  1700°F)  material  was  higher  than  that  of  the  alpha 
+ beta  forged  material  for  both  aging  treatments.  The  beta  forging  (1550°F) 
resulted  In  an  Improvement  In  ductility  (%E1)  over  alpha  + beta  (1400°F) 
forging.  The  material  forged  at  1700°F  showed  no  significant  change  In 
ductility  compared  to  the  alpha  + beta  forged.  The  reduction  In  area 
showed  a similar  trend.  Changing  the  post  forging  heat  treatment  to  a 
water  quenched,  followed  by  various  aging  treatments,  shows  the  same 
trends  on  yield  and  ultimate  strength  as  for  the  air-cooled  heat  treat- 
ment. The  ductility  nevertheless  did  not  change  with  forging  tempera- 
ture. The  trend  In  reduction  In  area  changed  with  forging  temperature, 
depending  on  the  aging  treatment  used. 
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Gurney  and  Male  (Reference  32)  also  reported  Improved  yield  and 
ultimate  strength  for  certain  beta  processed  conditions  over  alpha  + beta 
processed  In  their  work  on  the  effects  of  extrusion  variables  on  the  pro- 
perties of  titanium  alloys. 

b.  Effects  on  Fracture  Toughness 

Forging  titanium  alloys  In  the  beta  region  results  in  an  improve- 
ment In  fracture  toughness  over  that  resulting  from  forging  In  the  alpha 
+ beta  region  (References  14,  17,  18,  20,  21,  24-27,  30-31). 

Besides  Investigating  the  effects  of  beta  and  alpha  + beta  forg- 

.'r 

1 ng  on  the  fracture  toughness  of  T 1-1 0V-2Fe-3Al , Bohanek  (Reference  14) 
also  considered  two  rates  of  cooling  after  forging,  air-cooled  and  water 
quenched,  followed  by  various  aging  treatments.  The  air-cooled  plus  ag- 
ing treatments  resulted  In  better  fracture  toughness  than  the  water 
quenched  plus  aging.  For  all  the  forging  and  cooling  conditions  the 
fracture  toughness  Increased  as  the  yield  strength  decreased.  These  re- 
sults are  In  agreement  with  other  Investigators  (Reference  18).  An  excep- 
tion Is  noted.  An  Increase  In  aging  temperature,  over  about  1100°F, 
results  In  a decrease  In  yield  strength  and  no  significant  Increase  or 
decrease  In  fracture  toughness.  The  best  combination  of  yield  strength 
and  toughness  reported  by  Bohanek  (Reference  14)  for  T1-10V-2Fe-3Al  Is 
156  ksl  and  68  ksl/TrT,  respectively.  These  properties  resulted  from 
forging  at  1700°F  followed  by  AC  plus  1000°F/8  hrs/AC.  The  values  re- 
ported by  Chen  and  Gure  (Reference  22)  were  somewhat  lower  In  toughness, 
161  ksl  and  54  ksl/ln,  for  as  forged  1550°F  followed  by  air-cool.  Two 
reasons  can  be  cited  for  the  differences:  (1)  different  forging  tempera- 
tures and  (2)  different  heat  treatment. 

c.  Effects  on  Other  Properties 

The  effect  of  forging  on  other  properties  beside  tensile  and 
fracture  toughness  have  not  received  as  much  attention  In  the  past. 
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Information  on  the  effects  of  forging  on  creep  properties,  (References 
20,  21,  31),  fatigue  (References  19,  20,  21,  18,  26)  and  post  creep  ten- 
sile strength  (Reference  21)  Is  more  limited.  A review  of  the  available 
literature  shows  that  forging  In  the  beta  region  results  In  better  notch 
fatigue  and  no  significant  difference  In  smooth  fatigue  properties  over 
material  forged  In  the  alpha  + beta  region. 


Petrak  (Reference  20)  reported  an  Improvement  In  fatigue  life  at 
room  temperature  (an  Improvement  at  350°F)  which  he  considered  not  signi- 
ficant, and  no  change  at  600°F  for  beta  over  alpha  + beta  forged  material. 

In  reference  to  creep  properties,  Petrak  (Reference  20)  reported 
no  significant  difference  for  beta  over  alpha  + beta  forged  material. 

But  Coyne  (Reference  21)  reported  an  Improvement  In  creep  properties  for 
beta  forging.  According  to  Coyne  (Reference  21)  better  post  creep  ten- 
sile properties  are  possible  through  alpha  + beta  forging  than  through 
beta  forging. 

Data  exists  on  the  effect  of  a particular  forging  condition  and 
In  aging  treatment  on  the  mechanical  properties  of  titanium  alloys,  with 
no  comparable  results  from  other  forging  conditions.  The  purpose  of  most 
of  these  Investigations  was  not  to  compare  the  resulting  properties  from 
various  forging  conditions,  but  to  show  that  a particular  process  results 
In  properties  that  meet  certain  working  specifications  or  standards,  to 
study  the  process  feasibility  or  to  determine  If  It  was  an  economical 
process. 

d.  Mlcrostructural  Characteristics 

The  propagation  of  a crack  In  an  equlaxed  alpha  + beta  structure 
Is  controlled  by  void  formation  ahead  of  the  crack  tip  (Reference  27). 

As  the  void  forms,  the  crack  tip  radius  Increases  and  the  crack  Is  tem- 
porarily arrested.  In  this  type  of  microstructure,  the  yield  strength 
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and  fracture  toughness  Increases  with  a decrease  In  mean  free  path  between 
primary  alpha  particles.  Based  on  these  results  Rogers  (Reference  27) 
suggested  that  although  the  voids  formed  In  very  fine  structures  may  be 
less  effective  arresting  the  crack,  further  Improvement  In  yield  strength 
and  fracture  toughness  may  be  possible  by  refinement  of  the  microstructure, 
such  as  might  be  achieved  by  powder  metallurgy. 


The  crack  path  through  the  aclcular  alpha  structures,  resulting 
from  beta  working  or  heat  treating  shows  frequent  changes  In  direction 
(Reference  27).  Rogers  (Reference  27)  found  that  crack  arrest  In  the 
Widmanstatten  structure,  although  less  frequent,  was  more  severe  than  In 
the  equiaxed  alpha  + beta  structures. 


Increased  fracture  toughness  with  refinement  of  the  structure 
for  equiaxed  alpha  In  aged  beta  agrees  with  results  from  Greenfield  and 
Margolin  (Reference  28).  They  found  that  fracture  toughness  of  this  struc- 
ture Increases  with  decreasing  beta  matrix  grain  size.  For  the  structure 
with  Widmanstatten  plus  grain  boundary  alpha  In  aged  beta,  the  fracture 
toughness  depends  on  beta  grain  boundary  area  per  unit  volume  and  on  grain 
boundary  alpha  thickness. 

According  to  Hall  et  al.,  (Reference  24)  the  microstructure  re- 
sulting In  the  best  combination  of  tensile  strength  and  fracture  tough- 
ness contains  about  10%  primary  alpha  with  relatively  coarse  aclcular 
alpha  and  aged  beta.  These  results  are  In  general  agreement  with  results 
from  Ashton  and  Chambers  (Reference  33).  They  recommend  that  at  least 
20%  primary  alpha  should  be  present  In  microstructures  for  two  British 
alloys,  ( IMI  679,  2.25Al-llSn-lMo-5Zr-0.25S1 , and  Hyllte  50,  2.06Sn-4.32Al- 
3.90Mo-0.46S1 ) (Reference  33),  In  order  to  obtain  acceptable  properties. 
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The  work  of  Eylon  et  al^,  (Reference  30)  Is  of  particular 
Interest.  They  found  good  correlation  between  properties  and  microstruc- 
ture for  forged  and  heat  treated  titanium  alloy  T1-11.  The  properties 
were  grouped  according  to  four  mlcrostructural  categories,  I to  IV. 
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Category  I Is  characterized  by  large  colonies  of  similarly  aligned  alpha 
needles,  separated  by  continuous  beta,  resulting  from  alpha  + beta  or 
beta  forged  and  beta  heat  treatment.  Category  II  consists  of  equlaxed 
alpha  grains  with  transformed  beta  at  grain  boundaries.  This  type  struc- 
ture results  from  alpha  + beta  forged  plus  alpha  + beta  heat  treatment. 
Category  III,  aclcular  alpha  separated  by  discontinuous  beta  films,  re- 
sults form  beta  forged  and  alpha  + beta  heat  treatment  + AC.  The  last 
type,  IV  is  similar  to  III,  aclcular  alpha  separated  by  discontinuous  beta 
films  In  a criss-cross  arrangement,  produced  by  beta  forged  and  alpha  + 
beta  heat  treatment  + WQ.  As  expected  and  In  agreement  with  results  pre- 
viously outlined  (Section  2b),  category  III  and  IV  results  In  the  best 
fracture  toughness.  What  Is  surprising  Is  that  category  IV  microstructure 
also  results  in  the  best  yield  strength  and  ultimate  strength  with  accept- 
able ductility  (slightly  less  than  for  category  II).  These  results  are 
In  general  agreement  with  Bohanek's  (Reference  14)  work  on  T1-10V-2Fe-3Al . 
The  alpha  + beta  forged  plus  alpha  + beta  heat  treatments  results  in  the 
best  overall  tensile  properties  and  the  lowest  fracture  toughness,  as 
would  generally  be  expected  (Section  2a  and  2b). 

3.  STRESS-STRAIN  RATE-TEMPERATURE  RELATIONS 

Numerous  equations  have  been  proposed  In  the  past  for  the  strain  rate 
of  metals  and  alloys.  In  terms  of  appropriate  variables  such  as  tempera- 
ture, stress,  shear  modulus,  activation  energy,  and  other  parameters.  Some 
of  these  equations  have  been  empirical  and  some  theoretical.  The  validity 
of  these  equations  Is  limited  by  restrictions  In  the  range  of  applicability 
of  the  variables.  In  many  Instances  these  equations  show  disagreement  be- 
tween the  strain  rate  they  predict (Figure  1)  as  well  as  disagreement  with 
experimental  results.  These  disagreements,  as  well  as  the  limited  appli- 
cability of  the  equations,  reflect  the  complex  Interaction  of  the  factors 
affecting  the  strain  rate.  The  extreme  theoretical  complexity  and/or 
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experimental  difficulties,  make  the  consideration  of  all  factors  contri- 
buting to  the  strain  rate  impractical.  If  not  impossible.  An  equation  of 
universal  applicability,  one  that  applies  for  unlimited  conditions  of  the 
variables,  would  be  of  extreme  complexity  In  theoretical  formulation, 
mathematical  manipulation  and  applicability. 

Most  theoretical  strain  rate  equations  are  based  on  motion  of  dislo- 
cation and  on  the  calculations  of  dislocation  velocities.  Some  are  based 
on  the  balance  between  recovery  and  strain  hardening.  This  type  also  de- 
pends on  dislocation  motion  In  one  way  or  another.  Few  strain  rate  equa- 
tions, both  of  theoretical  and  experimental  origin,  claim  to  apply  to 

1 

transient  conditions.  The  great  majority  are  limited  to.  prediction  of 
steady  state  strain  rates.  All  the  equations,  almost  without  exception, 

consider  the  deformation  phenomenon  to  be  a diffusion  controlled  and  i 

thermally  activated  process. 

a.  Diffusion 

A great  deal  of  information  exists  Indicating  that  steady  state 
creep  Is  diffusion  controlled.  Some  of  the  most  convincing  evidence  Is 
(shown  In  Figure  2)  the  near  equality  between  activation  energy  for  self- 
diffusion and  the  activation  energy  for  creep.  According  to  this  data, 
steady  state  creep  Is  proportional  to  the  self-diffusion  coefficient, 

D = Dq  exp(-Q/RT).  Data  available  on  creep  and  self-diffusion  shows  that 
the  activation  volumes  of  these  two  processes  are  approximately  equal, 
pointing  again  to  creep  being  diffusion  controlled.  Still  further  evi- 
dence that  creep  Is  a diffusion  controlled  process,  at  least  at  high  tem- 
perature, comes  from  the  observation  that  creep  Is  more  pronounced  at 
temperatures  higher  than  about  0.4Tm,  where  diffusion  Is  significant  also. 

b.  Thermal  Activation 

Plastic  deformation  of  crystalline  solids  Is  considered  a ther- 
mally activated  process,  because  thermal  fluctuations  assist  the  applied 
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stress  In  overcoming  the  obstacles  to  the  deformation.  The  concept  of 
thermal  activation  was  Introduced  In  1925  when  Becker  applied  the  Bolzt- 
mann's  principle  to  the  nucleatlon  of  the  slip  region  (Reference  34). 

Later  In  1938  Kauzmann  (Reference  35)  applied  Eyring's  rate  reaction 
theory  (identical  to  Becker's)  to  crystalline  solids  and  developed  a 
theory  of  thermally  activated  plastic  deformation  process. 

This  concept  of  thermal  activation  Is  Intimately  related  to  the 
atomic  structure  and  Its  defects,  both  point  defects  (vacancies  and 
interstitials)  and  line  defects  (dislocations).  For  example,  an  edge 
dislocation  moves  on  Its  slip  plane  by  rearranging  the  atomic  structure 
at  its  core.  Due  to  the  periodicity  of  the  atomic  structure,  as  the 
dislocation  moves  It  passes  from  one  equilibrium  position  to  another, 
through  a position  of  maximum  energy.  This  energy  represents  the  basic 
resistance  of  the  structure  to  dislocation  motion.  A minimum  stress  Is 
required  to  move  the  dislocation  past  this  energy  barrier.  This  energy 
barrier  is  known  as  the  Pelerl s-Nabarro  energy  and  can  be  affected  by 
thermal  fluctuations.  For  this  reason,  the  Pelerl s-Nabarro  energy  Is 
considered  a short-range  or  thermal  obstacle.  Other  short-range  obsta- 
cles exist  such  as  other  dislocations  In  their  slip  plane,  climb  of  edge 
dislocation,  and  motion  of  jogs  on  screw  dislocations. 

Obstacles  that  cannot  be  affected  by  thermal  fluctuations  are  known 
as  long-range  or  athermal  obstacles.  Examples  of  athermal  obstacles  are 
precipitates  and  second  phase  particles,  and  other  dislocation  on  parallel 
slip  planes. 

The  stress  field  seen  by  a dislocation  Is  the  algebraic  sum  of  all 
stress.  Hence,  the  effective  stress  field  Is  a superposition  of  all  the 
short-term  stresses  (those  resulting  from  the  thermal  obstacles)  on  the 
long-term  stress  field  (athermal  obstacles).  The  process  that  controls 
the  rate  of  deformation  will  be  the  thermally  activated  process  that  will 
overcome  the  short-range  obstacles  at  the  top  of  the  long-range  field. 
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The  general  equation  for  thermally  activated  strain  rate  can  be 
written  as  (Reference  36). 

e = eQ  exp(-AG/KT)  (3) 

where  eQ  Is  a pre-exponential  term  and  depends  on  the  particular  model. 

The  pre-exponential  term.  In  general,  Includes  the  strain  per  successful 
deformation,  frequency  of  vibration,  number  of  units  Involved  In  the  de- 
formation, and  a stress  dependent  term.  AG  is  the  free  energy  of  acti- 
vation, K Is  the  Bolztmann's  constant  and  T is  the  absolute  temperature. 
The  activation  free  energy,  AG,  in  Equation  3 is  equal  to 

AG  = AH  - TAS  (4) 

Equation  3 becomes 

e = eQ  exp(-AH/RT)  (5) 

where  AS  Is  the  activation  entropy 
AH  Is  the  activation  enthalpy 
T Is  the  absolute  temperature 

The  activation  enthalpy  can  be  calculated  by  taking  the  natural 
logarithm  of  both  sides  of  Equation  5 and  taking  the  derivative  with 
respect  to  T: 

In  e0  - AH/RT  (6) 

NAbv  exp(AS/R)  and  lneo  = InNAbv  + AS/R 

= |y  (InNAbv  + AS/R)  -J-ljr  (AH/T) 

■&('-«*>♦  i r- i -#> 


lne  = 
where  e0  = 
31ne 
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3lne  _ 1 3AS  1 3AH  . AH 

3?  R ST  ' RT  3T  RT? 


AH  - RT2  T |M^-  - I Mi  + L.  Mil  (7) 

|_  3T  R 3T  RT  3T  J K' ' 

using  Equation  4 and  since  the  crystal  will  adopt  the  condition  of  lowest 
free  energy  (Reference  37),  then  at  constant  temperature  and  constant 
structure,  that  Is  for  NAbv  = constant 

AH  = TAS 

Equation  7 becomes 

AH  - RT2  r|M  - 1 Mi  + I_  Mi"| 

L3T  R 3T  RT  3T  J 

Qc  = AH  = RT2  |j^ 

The  activation  enthalpy  Is  generally  Identified  In  the  literature  as 
the  apparent  activation  energy,  Qc. 

Since  AH  = All  - oAV,  for  a constant  stress  test 

Qc  ■ AH  = RT2  = AU  . oAV  (a)  (8) 

where  AV  Is  the  activation  volume  (the  volume  such  that  oAV  Is  the  total 
work  done  by  the  effective  stress  5).  when  5AV«AU  the  apparent  activa- 
tion energy  Qc  * AU,  the  energy  of  self-diffusion. 


(a)  From  the  second  law  of  thermodynamics  AE  ■ AQ  - AW  (Reference  38) 
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c.  Experimental  Strain  Rate  Equations 

The  secondary  strain  rate  for  a large  number  of  metals  and  alloys 
has  been  successfully  correlated  at  constant  temperatures  and  low  stress 
levels  (Reference  39)  by 

es  = A on  (9) 

and  at  high  stress  levels  (Reference  39)  by 

es  = A'  exp(0o)  (10) 


The  values  of  A,  n,  A'  and  0 are  generally  temperature  dependent, 
but  Independent  of  stress. 

Under  conditions  of  constant  structure  and  constant  strain,  the 

strain  rate  of  some  metals  and  alloys  at  low  stresses  is  given  by  Equation 

9 with  A = S exp(-AH/RT)  and  at  high  stresses  by  Equation  10  with  A’  = S’ 

exp(-AH/RT),  where  S and  S'  are  structure  parameters.  The  value  of  S,  S', 

n,  0 and  AH  are  independent  of  temperature  for  some  temperature  range 

around  0. 5T  . 

m 

e$  = S exp(-AH/RT)  a11  (11) 


es  s S’  exp(-AH/RT)  exp(0o) 


02) 


i 


The  strain  rate  for  single  crystals  and  polycrystalline  annealed 


can  be  correlated  by  a 


metals  and  alloys,  at  both  low  and  high  stress 
single  equation 
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Both  A"  and  a are  constant  at  constant  temperature.  For  ao<0.8  Equation 
13  becomes  Equation  9 and  A "a11  = A*.  For  aa<1.2  Equation  13  becomes  Equa- 
tion 10  and  A' 72n  = A1  and  na  = B. 

Table  2 shows  a list  of  metals  and  alloys  whose  strain  rate  have 
been  correlated  using  Equation  9 to  13.  The  conditions  for  the  equations 
applicability  are  indicated. 

d.  Theoretical  Strain  Rate  Equations 

(1)  Nabarro-Herring  Creep  (Reference  50) 


Nabarro-Herring  Creep  involves  the  mass  transport  of 
atoms  from  one  boundary  to  another.  This  type  bf  creep  ir  also  known  as 
dlffusional  creep  (Reference  50),  and  is  significant  in  ery  fine  grained 
materials.  The  Nabarro-Herring  strain  rote  equation 


e 

NH 


04) 


C-j  is  a constant  dependent  on  grain  geometry. 

3 

fi  is  the  atomic  volume  = cb  . 
b is  the  Burger  vector. 


c.  is  a constant  * 0.7  for  fee,  hep,  and  bcc  structures. 


Nq  is  the  equilibrium  vacancy  concentration. 

Dy  Is  the  diffusion  coefficient  of  vacancies. 

o Is  the  applied  tensile  stress, 
k Is  the  Boltzmann's  constant. 


T Is  the  absolute  temperature. 
L Is  the  grain  size. 


4 
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* 

In  the  derivation  (Reference  50)  of  Equation  14  the  large 
* angle  grain  boundaries  of  the  grain  were  assumed  to  be  good  sources  and 

sinks  of  vacancies,  and  self-diffusion  was  assumed  to  be  the  controlled 
mechanism.  The  grain  was  loaded  In  compression  In  the  horizontal  and  In 
tension  In  the  vertical  direction.  This  loading  configuration  results  In 
higher  equilibrium  vacancy  concentration  at  the  horizontal  boundaries.  The 
vacancies  flow  from  the  horizontal  to  the  vertical  boundary  Is  driven  by  a 
concentration  gradient  of  4crt2N0/kTL.  This  gradient  results  In  a vacancy 
flow  of  4o12NQDv/kTL. 

The  grain  size  at  which  Equation  14  will  dominate  over 
Equation  9 can  be  determined  by  solving  for  L In  the  Inequality  e^h>‘es. 

When  Equation  14  Is  applied  to  materials  with  subgrains,  L becomes  the 
subgrain  size. 

(2)  Nabarro  Creep  (Reference  50) 

Nabarro  calculated  the  creep  rate  resulting  when  the 
spacing  between  the  dislocations  becomes  of  the  same  order  of  magnitude 
as  the  subgrain  size.  Nabarro:s  strain  rate  Is  given  by 

cn  = apbV  (15) 

p Is  the  dislocation  density 

b Is  the  Burger  vector 

V Is  the  dislocation  velocity 

a Is  a constant,  approximately  equal  to  1/2 

In  the  derivation  of  the  Nabarro  equation,  It  was 
assumed  that  creep  strain  results  only  by  dislocation  climb. 

The  dislocation  density  Is  equal  (Reference  50)  to 
N(r)  » N { 1-  [ 1-exp (cft/kT)]  fofjd/^bl}  (17> 
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The  dislocation  velocity  (Reference  50)  Is  given  by 

V = b2F  (18) 

where  F is  the  vacancy  flux  and  b the  Burger  vector.  From  an  analogy 
with  the  heat  transfer  through  a cylinder  of  radius  d/2,  the  vacancy 
flux  (Reference  51)  Is 


F =-ADydN/dr 


(19) 


where  A Is  the  surface  area  of  the  cylinder  and  Is  equal  to  2llrL. 


F - -anrUV.o  ( - I- rid/2£l>.  ,l| 

^ Llos(d/2b)  J L(d/2)(r>(r)JJ 

The  velocity  becomes 

V = b2F  = [2nb2DyNo/log(d/2b)]  [exp(ofi/kT)-l ] (21) 

and  since  DvNQ  = D/n  = D/b3  the  dislocation  climb  velocity  Is 

V = [2nD/blog(d/2b)]  [exp(ofi/kT)-l ] (22) 


Since  log (d/2b)  “ 10  and  assuming  that  ofi«l,  then  the  climb  velocity 
becomes  * 


V 


2IID 

m 


(23) 


The  creep  strain  rate  is  then  given  by  Equation  15  with  a - 1/2 


fen  ” T§b7  (ofl/kT) 


(24) 


| 
1 
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(3)  Weertman's  Glide  Produced  Strain,  Climb  Controlled 
Strain  Rate  Equation  (References  50,  52) 


Weertman  (References  50,  52)  derived  a strain  rate 
equation  based  on  the  premise  that  the  creep  strain  Is  produced  by  dis- 
location glide  and  the  strain  rate  Is  controlled  by  dislocation  climb. 
Weertman's  model  consisted  of  a density  M of  active  dislocation  sources 
per  unit  volume  of  material,  which  would  produce  dislocations  to  glide 
on  their  slip  planes  until  they  form  dipoles  with  dislocations  on  adja- 
cent slip  planes  produced  by  other  sources.  The  dislocations  would  climb 
and  annllhllate  decreasing  the  back  stress  on  the  sources.  More  disloca- 
tions could  now  be  produced  to  glide,  climb,  and  annihilate. 

The  strain  rate  for  Weertman's  model  Is  given  by  Equa- 
tion 15  and  the  velocity  Is  the  average  glide  velocity 


V = (L/d)? 


(25) 


Where  L Is  the  mean  diameter  of  the  dislocation  loop  and  d Is  the  spacing 
between  two  parallel  slip  planes.  The  factor  L/d  results  because  the 
dislocation  glides  a distance  L/2  before  climbing  a distance  d/2. 


The  average  climb  velocity  Is 
d 


where  t 


1 


v - <d)/ 

(1/V)dy 


[{$*>]■« 


(26) 

(26a) 


Is  the  climb  time  and  V the  climb  velocity  given  by  Equation  23,  for 


a*B  wb/4y 
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t " I 2IID  pb  n_l 

L 10b  4 kT  J 


t - (d2  - b2) 


(ub)  (flkTJ 


but  since  b«d 


d (nD)  (pb)  _o_ 
d2  10b  kT 


(2Gf) 


since  (Reference  50) 


d = ub 


y _ 3*11  D q fl 

10b  kT 


Since  there  can  only  be  one  active  dislocation  source  In  a volume  JIL2d, 


1 = Mnd  i‘ 
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The  dislocation  density,  p Is  equal  to  the  number  of 
dipoles  per  source  (l/>*d)  times  the  product  of  the  density  of  disloca- 
tion sources  (M)  and  the  average  length  of  dislocation  loop 


LM  (2IIL)  _ L2Mn 
p ■ yfd — ■ W 


(31) 


Substituting  Equation  29  Into  30 


n _ Mn 

p nMdy*d 


W2- 


(32) 


Substituting  Equations  25,  28,  30,  and  32  into  Equation  15 


i . aB*D  ( II V).  5/aft  \ 

£gc  ' TWy*3XT“\ff/  ^ 


(33) 


Substituting  Equation  27  Into  33  the  strain  rate  becomes 


£gc  = %-i.5°)og(d/b)  (m)  2(p)  (kl)  (34) 

Provided  the  dislocation  source  density  Is  not  a function  of  the  stress 
and  that  It  Is  a constant,  then  Equation  34  can  be  written  as 

tgc  * age  D(o/u)«.5^  (35) 

age  51  const.  = (n/M)°* 5 a&*4.5/  [>*b3-5  i0g(d/b)] 

Nevertheless,  If  the  source  density  Is  assumed  to  be  a function  of  the 
dislocation  density,  p,  and  the  spacing  between  dislocation,  d,  then 


d 

r 

i 


M * p /d 


(36a) 


25 


(4)  The  Jogged  Screw  Dislocation  Model  (Reference  53) 

This  theory  of  creep  Is  based  on  a diffusion  controlled 
motion  of  jogs  on  screw  dislocations.  The  strain  rate  equation  developed 
by  Barrett  and  Nix  (Reference  53)  Is  applicable  to  steady  state  conditions: 


cs  = aifcOT  3 Slnh 


(38) 


= mobile  screw  dislocation  density 
D x coefficient  of  self-diffusion 
y 3 number  of  atoms  per  unit  cell 
b = Burger  vector 
ao  s lattice  parameter 
X = average  spacing  between  jogs 


:uL.tr-78-1^  Barrett  and  Nix  con 

h Ar  privation  of  ***«” dislocation  con- 

in  their  den  the  jogged  scre"  diffuS1on, 

derei  the  vacaocy  d"ffUetob  or  OUlocattoo  ^ aiso 

rolled  b,  rate 

cm- 

^ 10 1 e 

Cce:":tt”1'0"'  , at,o„  by  Barrett  and  HU 

w zr  r — - - a 

r^erodocn,  Job  H . (3B 


(39) 


£ 


lntC’p/Co) 


m absorbing  3°9 
>d  by  a vacancy 

c . fi.  ln(C*p/C’a) 
Fa"  b 


(AO) 


c,  /t,  are  the 

Cp  *sM«— y coocenW.t,„e 

„ the  eeelUbrW  “«.ncy 

C°  thp  usual  meaning 

b.k  *«*  T MVe  ar  a JOB  tae 

a st.M».c.«ycoeo«b‘^e“ces61.B3). 
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C’a 
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Dv  Is  the  lattice  diffusion  coefficient 

v_,  va  are  the  steady  state  velocities  of  the 
v vacancy  producing  jogs,  and  of  the  vacancy 
absorbing  respectively. 

The  steady  state  velocities,  vp  and  va,  can  be  calcu- 
lated since  under  steady  state  the  net  force  on  the  dislocation  Is  zero 

Fp  = aobX  (43) 

a Is  a constant  a 1/2  since  t = o/2 
from  Equations  41  and  43 

Vp  = AIlDvb2Cb0  [exp(aob2x/kT)  -1]  (44) 

likewise 

va  = AIIDvb2C0  [l-exp(-aob2X/kT)]  (45) 

It  would  be  an  over-simplification  to  assume  that  a screw  dislocation 
contains  jogs  of  only  one  type.  Then  the  average  velocity  should  be  pro 
duced  by  a combination  of  both  vacancy  absorbing  and  vacancy  producing 
jogs. 


v = Bava  + BpVp  (46) 

Ba  and  Bp  are  constants  and  represents  the  fraction  of  vacancy  absorbing 
and  vacancy  producing  jogs  In  the  screw  dislocation,  respectively. 

The  strain  rate  equation  when  bulk  diffusion  controls 
the  vacancy  concentration  Is  obtained  by  substituting  Equations  44,  45, 
46  and  the  product. 
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OvC0  = Dy/aQ3  (47) 

Into  Equation  15  and  assuming  that  vacancy  producing  and  vacancy  absorb- 
ing jogs  are  equally  possible  B0  = Ba  = 0.5 


es  = Allay 


/ b \ 3 /aab^A  \ 

(«o  ) Ps°  $1nh  V kl  ) 


When  the  vacancy  movement  Is  controlled  by  dislocation 

core  diffusion,  the  steady  state  vacancy  concentrations,  C'  and  C'  are 

p a 

obtained  from  the  heat  transfer  analogy  to  the  moving  line  heat  source 
flow  (Reference  53). 


C 1 p = Cq 


ZnDvbA 


C'a  = Co  - • 


2llDvbA 


G9-0 

(?)  m 


The  modified  Bessel  function  of  the  second  kind  and  order  zero  In  Equa- 
tions 49  and  50  can  be  approximated  by 

k0(vb/2Dv)  - ln(4Dv/yvb)  (51) 

Since  usually  vb/2Dv«l  then  exp(vb/2Dv)  * 1. 

Assuming  that  the  vacancy  producing  and  vacancy  absorbing  jogs  are  equally 
possible  (Ba  * Bp  “ 0.5)  and  that  ln(4Dv/YVpb)  * ln(4Dv/yvpb)  s constant 
= W,  the  strain  rate  equation  for  dislocation  core  diffusion  becomes 

«•-  <52) 
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The  strain  rate  equation  for  the  jogged  screw  dislocation  model  can  be 
generalized  as  follows 


where 


vacancy  movement 


e$  = Yon  Sinh(Co) 


V = 4nay(b/a0)3  ABD^  for  bulk  diffusion  controlled 


2nav(b/ar 


for  dislocation  core  diffusion 


controlled  vacancy  movement 
- _ ab^A 

c ' FT" 


and  Dc  are  the  lattice  and  dislocation  core  diffusion 
coefficients,  respectively 


A and  B are  constants  (Reference  53)  in  the  equation 


below 


p§  = Ap  = A(Ban) 

(5)  Subgrain  Creep:  Ivanov  and  Yanushkevlch's  Equation 

(Reference  52) 

The  model  used  by  Ivanov  and  Yanushkevich  consisted  of 
dislocations  of  different  signs  meeting  at  the  subgrain  boundary  where 
they  would  climb  and  annihilate.  In  their  equation,  the  strain  rate  Is 
controlled  by  dislocation  climb  velocity. 

The  average  time  required  for  a dislocation  to  be 
annihilated  at  the  boundary  Is  given  by 

t = d/V  (54) 


• «r > * > ■**•  -•** 
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(6)  Sub-Grain-Pile  Up  Creep  Strain  Rate  Equation  (Reference 
52) 


Weertman's  glide-climb  equations  and  Ivanov-Yanushkevich' s 
equation  do  not  account  for  the  possibility  of  a dislocation  pile-up  at 
the  sub-grain  boundary.  If  the  pile-up  is  Introduced  Into  these  equations 
It  Is  equivalent  to  replacing  a by  No,  the  stress  due  to  a pile-up  of  N 
dislocations.  The  factor  N is  given  by  (Reference  54). 


N = ?M 

u b 


(58) 


where  L is  the  sub-grain  size  and  Is  (Reference  52) 


L = Loy/o 


(59) 


N = Y ' ‘ Lp 


Then  the  Ivanov-Yanushkevich  strain  rate  equation  with  dislocation  pile- 
up  at  the  sub-grain  boundary  becomes 


^ly.p  = 


(60) 


and  Weertman's  glide  and  climb  equations  become 


(61) 


(62) 
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10V-2Fe-3Al  14  Conv.  Forging  Tensile,  RT,  600  F Hardenabillty  Investigated; Heat  Treat- 

a+6  vs  8 Fracture  Toughness  Bent  of  As-Forged  AC  + Aging,  Tensile 

Properties  Heat  Treataent  Response; 
Valid  KIC. 
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SECTION  III 

EXPERIMENTAL  PROCEDURE 


1.  MATERIAL 

The  material  used  in  this  investigation,  beta  titanium  alloy  10V- 
2Fe-3Al,  was  obtained  from  Titanium  Metals  Corporation  of  America,  Toron- 
to, Ohio.  All  the  material  came  from  a single  heat  (number  V5171)  in  the 
form  of  3 Inches  (7.62  cm)  diameter  bar.  The  chemical  analysis  for  heat 
number  V5171  Is  shown  In  Table  6. 

The  alloy  In  the  as-received  condition  (Figure  3)  consists  of  de- 
formed alpha  + beta  phase  grains  with  an  equivalent  mean  grain  diameter, 
MGD  = 1.1  Oq  jgg  2 74-jf,¥ii* . The  condition  of  the  as-received  material  was 

not  desired  for  the  ring  specimens  or  for  the  physical  property  specimens. 

Prior  to  machining  the  specimens  for  the  forging  operation,  the 
material  was  preconditioned,  as  Indicated  below,  to  develop  the  desired 
structure . 

2.  MATERIAL  PREPARATION 

It  was  desired  to  study  the  Influence  of  the  Initial  grain  size, 
forging  temperature  and  forging  speed  on  the  flow  stress,  the  as  forged 
microstructure  and  the  resulting  mechanical  properties.  The  effect  of 
the  grain  size  was  considered  by  selecting  two  significantly  different 
sizes  (ASTM  2 and  ASTM  10,  approx.)  to  Investigate  their  Influence  on 
the  properties  and  structure.  Both  grain  structures  were  developed  from 
the  as-received  material  by  extrusion  and  heat  treatment.  The  prepara- 
tion of  the  rings  and  the  physical  property  specimens  vary  essentially 
only  In  the  geometry.  Their  preparation  Is  discussed  below. 


* The  grain  sizes  for  both  the  equlaxed  and  deformed  grains  were  calcu- 
lated In  accordance  with  Appendix  A.  The  subscripts  are  shape  factors. 
They  Indicate  how  deformed  the  grains  are. 


tnr, 
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a.  Ring  Specimens 

V The  alloy  was  extruded  from  billets  2.950  +0.005  Inch  (7.43  + 

0.0127  cm)  Inch  diameter  and  6 Inch  (15.24  cm)  long  at  an  extrusion  ratio 
\ of  5.76:1  and  a temperature  of  1000°F(538°C) . The  extruded  bars  were 

quenched  In  water  to  retain  the  worked  structure.  The  extrusion  ratio 
of  5.76:1  was  chosen  to  obtain  the  best  balance  between  work  stored  in 
the  material  and  a diameter  of  the  extruded  product  of  approximately  1.250 
Inch  (3.175  cm)  desired  for  the  ring  specimens.  The  extrusion  temperature 
of  1000°F(538°C)  was  chosen  In  order  to  extrude  the  alloy  below  the  beta 
transus  temperature  and  obtain  an  unrecrystal  11  zed  wrought  structure. 

This  type  of  grain  structure  was  required  to  develop  the  small  grain  size 
by  heat  treatment.  A wrought  structure,  with  no  recrystalllzatlon  and 
some  previous  beta  grain  boundaries,  was  obtained  by  extrusion  of  1000°F 
(538°C)/5.76: 1/WQ.  A photomicrograph  of  the  as-extruded  structure  Is 
shown  In  Figure  4. 

Various  time-temperature  combinations  were  considered  In  the  se- 
lection of  the  heat  treating  conditions  most  suitable  to  develop  the  two 
desired  grain  structures.  Some  of  the  heat  treating  conditions  tested, 
particularly  at  1450°F(788°C),  resulted  In  specimens  with  a banded  grain 
structure  (Figure  5),  the  grains  In  the  bands  being  larger  than  the  grains 
In  the  remaining  of  the  specimen.  Segregation  of  alloying  elements  was 
suspected  because  of  the  effects  of  the  type  and  amounts  of  alloying  ele- 
ments on  the  beta  transus  temperatures  and  because  of  the  changes  In 
grain  growth  rate  above  and  below  this  temperature. 

* Some  elements,  like  aluminum,  dissolves  preferentially  In  the 

alpha  phase  and  stabllzes  this  phase  at  higher  temperatures,  therefore 
raising  both  the  alpha  and  beta  transus  temperatures.  Other  elements, 

like  Iron  and  vanadium,  are  beta  stabilizers.  These  elements  lower  both 

« 

the  alpha  and  beta  transus  temperatures.  The  rate  of  grain  growth  Is 
faster  above  the  transus.  Consequently,  small  changes  In  the  concentra- 
tion of  a heavy  beta  stabilizer,  like  Iron,  would  cause  changes  In  the 
beta  transus  temperature  and  Increase  grain  growth  rate  In  the  beta 
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enriched  regions.  These  changes  In  concentration  would  result  In  bands 
of  varying  grain  sizes  when  the  material  Is  heat  treated  at  temperatures 
above  the  transus  of  the  beta  enriched  portions.  Heat  treating  at  a 
relatively  high  temperature  [over  150°F(66°C)  to  200°F(93°C)  above  the 
beta  transus  of  the  bulk  material]  will  probably  reduce  the  grain  size 
variation  to  an  Insignificant  difference,  perhaps  explaining  why  the  ef- 
fect was  most  noticeable  at  about  1450°F(788°C) . 

Samples  of  the  alloy  showing  the  banding  phenomenon  were  tested 
for  any  evidence  of  segregation  of  alloying  elements.  The  microprobe 
traces  showed  (Figure  6)  an  increase  in  iron  in  the  large  grain  band  re- 
gions. Point  count  measurement  In  the  banded  region  and  in  the  bulk  re- 
vealed an  estimated  15%  higher  concentration  of  iron  in  the  bands  than  in 
the  rest  of  the  specimen.  This  difference  of  15%  in  the  concentration  of 
Iron  Is  considered  significant  and  responsible  for  the  banding  phenomenon. 
No  significant  difference  was  detected  in  the  concentration  of  vanadium 
or  aluminum. 

A sample  of  the  banded  material  was  vacuum  annealed  at  2200°F 
(1204°C)  for  ten  hours  to  homogenize  the  alloying  elements  and  to  elimi- 
nate the  banding  phenomenon.  No  evidence  of  segregation  of  aluminum, 
vanadium  or  Iron  was  detected  by  microprobe  analysis  (Figure  7)  of  the 
homogenized  material. 

The  machined  billets  required  for  the  specimens  were  vacuum 
annealed  (homogenized)  at  2200"F(1204*C)/10  hrs/VC  prior  to  extrusion. 
Billets  before  and  after  the  homogenization  are  shown  In  Figure  9. 

The  extrusion  of  the  homogenized  billets  was  attempted  unsuccess- 
fully through  a 90°*,  5.76:1  extrusion  ratio  die  at  1000°F(538°C).  The 
maximum  load  delivered  by  the  extrusion  press  was  not  sufficient  to  push 
the  billet  through  the  die.  The  Increase  In  extrusion  load  from  approxi- 
mately 650  tons  before  the  homogenization  to  over  730  tons  after  the 

* The  walls  of  the  die  make  45°  angles  with  the  direction  of  extrusion. 
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vacuum  anneal  treatment  was  attributed  to  the  latter's  large  grain  size, 

[ MGD  = 1.45  mm.  It  was  necessary  to  raise  the  extrusion  temperature  to 

reduce  the  forging  load.  The  billets  were  extruded  at  1150°F(621°C)/ 
5.76:1/WQ  with  a resulting  peak  extrusion  load  of  650  tons.  The  micro- 
structure of  the  extruded  material,  shown  In  Figure  10,  showed  some  signs 
of  recrystallization  but  was  considered  acceptable. 

The  selection  of  the  heat  treatment  conditions  suitable  for 
development  of  the  two  grain  sizes  was  then  completed.  The  larger  grain 
size  was  developed  by  heat  treating  the  extrusions  at  1750°F(954°C)  for 
one  hour  followed  by  a water  quench  to  retain  the  structure.  Prior  to 
the  heat  treatment  the  extrusion  was  coated  with  glass  lubricant  to  mini- 
mize contamination.  The  heat  treating  temperature,  1750°F(954°C),  was 
chosen  to  develop  a grain  size  stable  In  the  entire  forging  temperature 
range,  from  1190°F(643°C)  (0.43Tm)  to  1 750°F(954°C)  (0.58Tm).  The  grain 
structure  developed,  MGD  = 255pm,  is  shown  In  Figure  11a. 

The  smaller  grain  size  was  produced  by  heat  treating  at  1450°F 
(788°C)  for  six  hours  followed  by  water  quenching.  Two  additional  tem- 
peratures were  considered  to  develop  the  smaller  grain  structure,  1425°F 
(774°C)  and  1475°F(802°C).  The  lower  temperature  resulted  In  a somewhat 
wrought  grain  structure,  with  nonuniform  grain  sizes.  The  higher  temper- 
ature produced  grains  larger  In  diameter  than  desired,  MGD  = 45.1  mm. 

The  structure  developed  at  1450°F(788°C)/6  hrs/WQ  (Figure  lib)  resulted 
In  equlaxed  grains  with  MGD  ■ 8.0pm. 

b.  Mechanical  Property  Specimens 

The  material  required  for  the  Charpy  blanks  was  extruded  and 
heat  treated  the  same  way  as  the  ring  specimens.  The  microstructure 
for  these  specimens  Is  Identical  as  that  of  the  ring  specimens,  and  Is 
shown  In  Figure  11a  for  the  larger  grain  size  and  In  Figure  lib  for  the 
smaller  grains.  The  specifications  for  the  Charpy  forging  blanks  Is 
shown  In  Figure  12. 
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The  forging  blanks  for  the  tensile  specimens  were  obtained  from 
material  extruded  at  1150°F(621°C)  through  a 60°  angle  die  and  a 10:1 
extrusion  ratio.  The  higher  extrusion  ratio  was  used  to  obtain  a product 
of  smaller  diameter  more  suitable  for  the  tensile  forging  blanks.  The 
material  was  water  quenched  after  extrusion  and  heat  treated  as  before. 

The  microstructures  are  shown  In  Figures  13  and  14  for  the  small  and  large 
grain  size  respectively.  The  specifications  for  the  forging  blanks  are 
shown  In  Figure  12. 

3.  SPECIMEN  IDENTIFICATION 

A system  was  adopted  (Figure  15)  to  identify  each  specimen  in  their 
relative  location  in  the  bars  of  as-received  material.  Each  of  the  two 
burs  was  identified  with  a letter,  A or  B.  Each  billet  machined  was 
Identified  with  the  bar  letter  and  an  additional  number  starting  with 
one  at  one  end  of  the  bar  and  running  sequentially  towards  the  other  end. 
After  the  billets  were  extruded,  the  extrusion  number  was  cross-referenced 
with  the  billet  number  and  the  former  utilized  from  then  on  as  identifi- 
cation. An  arrow  was  used  to  Identify  the  head  of  the  extrusion.  The 
bars  were  then  heat  treated  to  develop  the  microstructure.  An  L or  S was 
added  to  the  extrusion  number  to  identify  the  material  with  large  or  small 
grains.  Each  specimen  was  machined  to  specifications  (Figure  16  for  the 
ring  specimens  and  Figure  12  for  the  physical  properties  forging  blanks) 
and  Identified  with  the  extrusion  number.  Including  the  grain  size  Iden- 
tifier, and  an  additional  number  starting  with  one  at  the  extrusion  head 
and  running  sequentially  toward  the  tall.  With  this  system  It  was  possi- 
ble to  locate  relative  position  of  each  specimen  In  the  original  bars 
of  as-received  material.  This  Identification  system  was  utilized  for 
both  the  ring  specimens  and  the  physical  property  specimens. 

4.  THE  FORGING  OPERATION 

a.  The  Equipment 

All  of  the  specimens  were  forged  Isothermally  on  a 500-ton 
Lombard  Hydraulic  Forging  Press  at  the  Metals  Processing  Facility  of  the 
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Air  Force  Materials  Laboratory,  Wrlght-Patterson  Air  Force  Base,  Ohio. 

L The  press  had  been  previously  fitted  with  an  electrical  servovalve  system 

to  ensure  constant  ram  motion  (+  5%  In  the  range  0.03  1pm  (0.00127  cm/sec) 
to  3.0  1pm  (0.127  cm/sec)  and  modified  with  an  auxiliary  hydraulic  sys- 
tem for  slow  control  of  the  ram  movement.  In  addition,  the  die  area  had 
been  enclosed  with  sheet  metal  and  Insulated  with  Flberfrax  Lo-Con  blan- 
ket, creating  a furnace  (Figure  17)  suitable  for  Isothermal  forging  up 
to  approximately  1 750°F(954°C) . 

The  furnace  Is  heated  by  14  SCR  controlled  heating  elements. 

Two  of  these  are  rectangular  (8.5"  X 11")  radiant  Kanthol  coil  wound 
heaters,  one  located  on  each  side  panel  of  the  furnace.  The  remaining 
12  elements  are  rod  cartridge  heaters,  six  embedded  In  each  of  the  two 
dies  (Figure  18a).  The  temperature  In  the  furnace  is  controlled  by  a 
thermocouple  embedded  just  below  the  working  surface  of  each  die,  and 
monitored  at  a control  panel  by  a second  set  of  thermocouples  located 
just  below  the  working  die  surface  diametral ly  opposed  to  the  control 
thermocouples.  One  of  the  two  flat  dies  In  the  furnace  is  connected  to 
the  press  ram;  the  other  die  Is  floating  on  a tubular  strain  gage  load 
cell  (Figure  18b).  The  load  cell  is  connected  to  a high  speed  response 
Honeywell  906B  Vlslcorder.  This  system  was  used  to  record  the  load  contin- 
uously during  forging. 

Prior  to  the  forging  operation,  the  specimens  were  heat  treated 
at  the  forging  temperature  for  30  minutes  In  a Harrop  Electric  Furnace 
model  NMR  BH18.  After  the  forging  operation  the  specimens  were  quenched 
In  water  to  preserve  the  as  forged  structure. 

b.  The  Ring  Specimens 


The  ring  specimens  were  forged  at  conditions  Indicated  In  Table 
7,  quenched  In  water  and  measured.  The  thickness  was  measured  using  a 
micrometer.  The  contact  Inside  (2B^),  the  contact  outside  (20o),  the 
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inside  diameter  at  mid-height  ( 2A-j ) , and  the  outside  maximum  diameter 
(2A0)  were  measured  using  a Quantlmet  720  Image  Analyzing  Computer.  The 
Quantimet  senses  the  difference  in  light  Intensities  resulting  from  the 
Interference  of  a coherent  light  beam  by  the  sample.  Calibration  of  the 
Quantlmet  with  samples  of  different  areas  permit  conversion  of  the  Quan- 
timet readings  to  unit  of  area.  The  ring  diameters  (Figure  19)  were  then 
computed  from  the  area  measurements. 

The  ring  dimensions  (2B0,  2Bi,  2A0,  2A-] , and  Tr)  (Figure  19) 
together  with  the  forging  load  were  used  to  calculate  the  flow  stress  of 
the  alloy  using  the  mathematical  analysis  of  the  ring  by  Avitzur  (Refer- 
ence 57)  (Appendix  C).  The  flow  stress  calculated  corresponds  to  the 
true  strain  at  which  both  the  forging  load  and  the  dimensions  were  deter- 
mined. 


c.  Forging  of  Mechanical  Property  Blanks  and  Measurement 
of  Properties 

The  blanks  (Figure  12)  used  to  machine  the  mechanical  property 
specimens  (Figure  20)  were  forged  in  the  same  manner  as  the  ring  speci- 
mens. The  forging  conditions  (temperature  and  speed)  were  selected  (Table 
9)  to  emphasize  the  dependency  of  the  resulting  properties  on  the  forging 
conditions.  In  all  cases  the  specimens  were  forged  to  a nominal  strain 
of  0.50  in/in.  The  properties  (tensile,  fracture  toughness)  were  mea- 
sured at  room  temperature  using  methods  outlined  in  Figure  20. 

d.  Hardness  Measurements 

The  hardness  was  determined  for  each  of  the  large  grain  size 
ring  specimens  forged  to  0.50  in/in  (nominal)  at  each  temperature  and 
speed.  The  measurements  were  made  to  Investigate  a possible  correlation 
between  the  hardness  and  strength.  The  Rockwell  C scale  was  chosen  for 
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the  hardness  determination.  The  measurements  were  made  on  a Wilson  Hard- 
ness Tester  at  random  locations  with  at  least  ten  measurements  per  speci- 
men. The  surface  was  prepared  by  grinding  and  etching.  Final  polishing 
was  done  with  400  grit  silicon  carbide  paper. 

5.  MICROSTRUCTURAL  CHARACTERIZATION 

The  specimens  Identified  in  Table  8 were  chosen  for  determination  of 
characteristic  structure  using  both  a light  microscope  and  a transmission 
electron  microscope.  These  particular  specimens  were  selected  to  esta- 
blish the  general  trend  In  microstructural  changes  due  to  a wide  range  of 
processing  conditions. 

a.  Light  Metallography 

A Leitz  Metal lograph  was  used  for  determination  of  the  micro- 
structures at  low  magnification  (light  microscopy).  The  samples  were 
prepared  by  cutting  a pie  section  from  the  ring  specimen  with  an  Isomet 
Low  Speed  Diamond  Saw.  The  pie  sections  were  then  mounted  In  bakelite 
and  mechanically  polished  using  successively  finer  grit  of  silicone  car- 
bide grinding  paper  starting  with  180  grit.  The  samples  were  rotated  90° 
for  each  finer  grit  used.  After  grinding  on  600  grit,  the  samples  were 
etched  lightly  with  Kroll's  Reagent  (1%HF,  102HN03,  and  89XH20)  and  po- 
lished on  600  grit  soft  paper.  The  samples  were  again  etched  lightly  and 
polished  on  6y  diamond  compound,  re-etched  and  polished  on  a slow  speed 
0.05y  alumina  Impregnated  wheel.  This  procedure,  etching  and  polishing 
on  0.05y  alumina,  was  repeated  until  the  samples  were  scratch  free.  Final 
ly  the  samples  were  etched,  Inspected  under  the  Leitz  Metallograph,  and 
photographed  as  required. 

b.  Transmission  Electron  Metallography  (TEM) 

The  TEM  samples  were  prepared  from  the  same  rings  used  for  In- 
spection under  the  Leitz  Metallograph.  The  procedure  used  was  as  follows: 
Thin  slices  approximately  0.008  Inch  to  0.010  inch  thick,  were  cut  from 
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the  rings  using  an  Isomet  Low  Speed  Diamond  Saw.  The  slices  were  thinned 
to  approximately  0.006  inch  using  silicone  carbide  grinding  paper.  A 
disc,  1/8  Inch  in  diameter,  was  punched  out  of  the  thin  slice  using  a 
Ladd,  Inc.  Specimen  Grid  Punch  P/N  1178.  The  samples  were  then  thinned 
and  polished  to  approximately  0.004  Inch  thick  using  400  and  600  grit 
silicone  carbide  grinding  paper. 


The  samples  were  electro-thinned  in  a Fishione  Twin  Jet  Electro- 
Thinning  Machine  using  an  electrolytic  solution  of  250  ml  methanol,  150 
ml  butylcelosol ve  and  13  ml  perchloric  acid  at  -33°C  to  -35°C.  The 
methanol  bath  surrounding  the  electrolyte  container  was  cooled  with  a 
Cryocool  cooling  unit.  The  temperature  of  the  electrolyte  was  monitored 
with  a Weston  Dial  Thermometer  and  the  operation  of  the  cooling  unit  ad- 
justed, as  necessary  to  maintain  the  desired  temperature  in  the  electro- 
lyte. The  samples  were  electro-thinned  until  a pinhole  was  detected,  at 
the  center  of  the  sample,  by  the  light-photocell  system  of  the  Fishione. 

A current  density  of  2.61  amp/1n^  (0.4  amp/cm^)  or  25  volts  at  10  to  12 
ma  was  used  In  the  electro-thinning  of  the  samples.  The  samples  were 
Inspected  under  the  TEM  at  various  magnifications  and  photographed  as 
required. 


AFML-TR-78-1 14 


TABLE  6 

CHEMICAL  ANALYSIS  FOR  HEAT  NUMBER  V5171  OF  TI  ALLOY  10V-2Fe-3Al* 

V - 10.10  Fe  - 1.90  A1  - 2.95 

C - 0.008  N - 0.020  0 - 0.116 

H - 0.0051  Si  - 0.050  Ca  - 0.015 

Ta  < 0.030  Mg  - 0.006  Cr  - 0.0045 

Mn  - 0.003  Ni  - 0.003  Cu  - 0.003 

Mo  - 0.003  Zr  < 0.003  W < 0.003 

Nb  < 0.003  Sn  < 0.003  B - 0.0015 

Pb  - 0.0015  Ti  - Balance 
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TABLE  7 

FORGING  MATRIX  * 

TEMPERATURE 
(F  (C)) 

NOMINAL  STRAIN 
(e,  IN/IN) 

a i n I r\  0 a I a o a | 

0 • 10  I 0 • 20  1 0 • 30  I 

1190(643) 

(0.43Tm) 


1250(677) 

(0.45Tm) 


L 300(704) 
(0.46Tm) 


1350(732) 
(0.48T  ) 


FOUR  RINGS  FORGED 
AT  EACH 

STRAIN-TEMPERATURE  CONDITION 


2 - Sx 


1400(760) 

(0.490Tm) 


1450(788) 

(0.50TJ 


1600(871) 
(0.54T  ) 


1750(954) 


TWO  RINGS  FORGED 
AT  EACH 

STRAIN-TEMPERATURE  CONDITION 
Vi;  S2  V,  - S, 


* Ring  specimens  were  forged  at  the  temperature,  total  strain,  and 
strain  rate  (determined  by  the  true  ram  speed)  Indicated. 

**  - 0.03  ipm(0.0762  cm/mln) , V2  " 3.0  lpm(7.62  cm/min) . 

■ Structure  with  MGD  ■ 8.0pm,  S2  “ Structure  with  MGD  - 255pm 


*.■  ' "VriSr-  .4 P.m  ' 


TABLE  9 


FORGING  CONDITIONS  FOR  MECHANICAL  PROPERTY  MEASUREMENT* 


NOMINAL  SPEED 

TEMPERATURE 

(V,  IP* 

1(CM/MIN) 

(F  (C)) 

0.03(0.0762) 

3.0(7.62) 

1250(677) 

Si 

S1 

(0.45Tm) 

S2 

s2 

1350(732) 

S1 

(0.48Tm) 

1450(788) 

S1 

(0. 50Tm) 

s2 

1600(871) 

(0.54Tm) 

S2 

1750(954) 

(0.58Tm) 

s2 

* Four  specimens  were  forged  to  a total  strain 
of  0.50  ln/in  (nominal)  at  each  speed  and 
temperature  Indicated,  two  charpy  specimens 
and  two  tensile  specimens  for  each  condition  . 


Ti-10V-2Fe-3Al  In  the  As-Received  Condition  (MGD 
l-10n  7qq  o 741mm)  Kroll's  Reagent 


T1-10V-2Fe-3Al  Extruded  at  1000°F(538°C)/5.76:1/WQ 
(e+-*-r).  Kroll's  Reagent 


Figure  4 


w$i 


iv.- 

t •$;*■?: Ilf 


s. :.  ^ 
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Microprobe  Trace  of  Aluminum,  Vanadium  and  Iron  Across 
a Band  in  Ti-10V-2Fe-3Al  Extruded  at  1000°F(538°C)/ 
5.76:1 /WQ  and  Heat  Treated  at  I450°F(788°C)/45  min/ 

WQ.  The  Microstructure  is  Similar  to  Figure  5, 


Microprobe  Trace  of  Iron,  Aluminum  and  Vanadium  for 
Ti-10V-2Fe-3Al  after  Vacuum  Annealed  at  2200°F(1 204°C)/ 
10  hrs/VC.  The  microstructure  is  shown  in  Figure  8. 


p 
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Figure  10.  Ti-10V-2Fe-3Al  Extruded  at  1 1 50° F( 621 °C )/ 5 . 76 : 1 
WQ(r^-*-e).  Kroll's  Reagent 


Figure  11.  T1-10V-2Fe-3Al  Extruded  at  1150°F(62rC)/5.76:l/ 

WQ.  a)  Heat  Treated  at  1750°F(954°C)/lhr/WQ  (MGD 
255pm),  b)  Heat  Treated  at  1450°F(788°C)/6  hrs/ 

WQ  (MGD  = 8pm).  Kroll's  Reagent 
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Figure  12.  Specifications  for  the  Forging  Blanks  Used  for  Deter- 
mination of  Mechanical  Properties. 

Charpy  Blanks,  D = 1.280,  H = 1.120  + 0.004,  L = 2.30, 
Surface  Finish  on  Flats:  64  RMS 

Tensile  Blanks,  D = 1.00,  H = 0.860  + 0.005,  L = 3.10, 
Surface  Finish  on  Flats:  64  RMS 
(All  Dimensions  in  Inches) 
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Figure  15.  The  System  Used  for  Identification  of  Specimens:  a) 

The  Two  Bars  of  the  As-Received  Material  Were  Identi- 
fied as  A and  B.  b)  Sixteen  Billets  Were  Machined 
• for  Bar  A.  Each  Billet  Was  Identified  as  Shown  Above. 

c)  Billet  A6  Was  Extruded  Through  a Round  Die 
(Extrusion  Number  6349)  and  Heat  Treated  to  Develop  the 
Small  Grain  Size,  d)  The'  Extrusion  Was  Cut  In  Half 
to  Facilitate  the  Heat  Treatment  and  Identified  as 
Indicated,  e)  The  Ring  Specimens  Were  Machined  and 
Identified  as  Indicated 
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Figure  19.  Schematic  of  Forged  Ring.  Top  Ring  Shows  Low  Friction 
Conditions,  Bottom  Ring  Shows  High  Friction  Conditions. 
(Reference  58) 
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SECTION  IV 

DATA  REDUCTION  AND  ANALYSIS 

The  flow  stress  of  the  titanium  alloy  under  investigation  was  deter- 
mined using  the  ring  compression  test  (Appendix  C).  This  method  is  based 
on  the  mathematical  analysis  of  a hollow  disk  made  by  Avitzur  (References 
56,  57)  and  on  the  solution  of  Avitzur's  equation  by  DePierre  and  Gurney 
(Reference  58).  Avitzur  developed  an  equation  for  the  ratio  of  the  forg- 
ing pressure  (P)  to  the  material's  flow  stress  (a0)  In  terms  of  the  neu- 
tral radius  (Rn),  the  ring  geometry  (R-j,  R0,  Tr),  the  interface  friction 
(m)  between  the  die  and  the  ring,  and  the  bulge  parameter  (b).  An  expres- 
sion for  the  bulge  parameter  (b)  is  determined  such  that  the  power  of 
deformation  is  minimized.  The  expression  for  the  value  of  b is  in  terms 
of  Rn,  R0,  Rj,  Tr,  and  m.  The  value  of  Rn  Is  determined  from  the  change 
in  the  geometry.  The  friction  (m)  Is  determined  by  successive  approxima- 
tions such  that  the  value  of  P/a  is  minimized.  (For  more  details,  see 
Appendix  C). 

To  determine  the  flow  stress  using  the  ring  compression  test,  it  is 
necessary  to  obtain  the  forging  load  and  the  ring  diameters  (Figure  19) 
as  a function  of  ring  thickness.  The  most  accurate  determination  of  the 
flow  stress  can  be  made  using  a continuous  measurement  of  the  load,  the 
thickness,  and  the  diameters.  With  the  present  experimental  set-up,  a 
continuous  measurement  of  the  geometry  Is  not  possible.  The  changes  in 
inside  diameter,  outside  diameter,  and  ring  thickness  were  determined  by 
forging  rings  to  different  thicknesses  and  measuring  these  after  the 
rings  had  been  quenched.  The  larger  the  number  of  rings  forged  at  each 
temperature-strain  rate-grain  size  condition,  the  more  accurate  the 
determination  of  the  flow  stress,  all  others  variables  equal.  Too  large 
a number  of  specimens  Is,  nevertheless,  Impractical.  Therefore,  the 
flow  stress  was  determined  at  each  temperature-strain  rate-grain  size 
condition  using  five  rings  deformed  at  10%  strain  Intervals  (nominal). 
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1.  FORGING  LOADS 


The  forging  records  represent  the  output  voltage  of  the  load  cell 
on  the  ordinate  and  the  forging  time  on  the  abscissa.  The  ordinate  was 
converted  to  forging  load  using  the  load  cell  calibration  from  Reference 


L = 1.953MV  - 0.537:  MV  < 8.366MV  (64) 

L = 2.475MV  - 4.905;  MV  < 8.366MV  (65) 

The  load  Is  in  thousands  of  pounds  when  the  voltage  Is  in  millivolts. 

The  abscissa,  x,  was  converted  to  apparent  ring  thickness,  Tr(x), 
from  knowledge  of  the  true  ram  speed  of  the  forge  press,  TS  (Appendix  B) 
and  the  original  ring  thickness,  0.400  inches: 

Tr(x)  = 0.40  - x(TS).  (66) 

The  forging  load,  corresponding  to  the  room  temperature  ring  thick- 
ness, precedes  a marked  drop  in  load  cell  output  and  a sharp  Increase  In 
hydraulic  pressure  to  the  forge  press.  This  marked  drop  In  cell  output 
indicates  that  the  ram  has  contacted  the  side  columns.  At  this  point, 
the  deformation  of  the  ring  Is  assumed  to  have  stopped.  The  forging  load 
curves  obtained  from  the  forging  records  are  shown  in  Figures  21  to  24. 


2.  DETERMINATION  OF  RING  DIAMETERS  USING  THE  QUANTIMET  720  IMAGE 
ANALYZING  COMPUTER 


In  general,  areas  are  determined  with  the  Quantimet  by  sensing  dif- 
ferences In  light  Intensities  when  a sample  Interrupts  a beam  of  coherent 
light.  The  Quantimet  reading  (R)  obtained  Is  converted  to  units  of  area 
by  applying  a conversion  factor  (F).  This  conversion  factor  Is  deter- 
mined by  calibration:  relating  known  areas  to  Quantimet  readings. 


69 
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The  conversion  factor  was  found  to  have  a slight  dependency  on  area 
and  a slight  variation  from  day  to  day.  A relationship  for  F as  a func- 
tion of  R was  determined  for  each  group  of  rings  measured  by  alternating 
standard  rings  with  forged  rings.  Four  different  area  measurements  (Rl, 
R2,  R3,  R4)  were  necessary  to  determine  the  ring  diameters  (2A0,  2A-j , 2B0, 
2Bi , Figure  19). 


In  terms  of  the  areas  illustrated  in  Figure  25  the  four  measurements 
represent  the  following  areas: 


Rl  = A1  + A2  + A3 
R2  = A2 
R3  = A4 
R4  = A3  + A4 


(67) 


The  four  diameters  (Figure  19)  are  given  by  the  formulas  below: 


2^ 


2A, 


2Br 


/si  + 

~)\h 

(.F3  + 

Fl/J 

(if 

/R4  + 

R2\l  ^ 

\ F4 

72  )\ 

’B.-D  (if 


(68) 


' 


ftW 

il 


—ir-  r. 
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3.  STRESS-STRAIN  CURVES  (*) 

The  ring  geometry  (Tr,  2AQ,  2A],  2B0,  2B],  Figure  19)  before  and 
after  the  forging  operation,  together  with  the  forging  loads  were  used  to 
calculate  flow  stress  using  the  equations  In  Appendix  C.  The  strains 
were  calculated  using  Equation  69. 


e - In  (Tro/Trc)  (69) 

where  Tro  Is  the  original  ring  thickness 

Trc  is  the  as-forged  ring  thickness  corrected 
for  constant  ring  volume 

The  stress-strain  curve  for  Isothermally  forged  T1-10V-2Fe-3Al  are 
shown  in  Figures  26  and  27  for  the  small  grain  size  (8ym)  material  and  in 
Figures  28  and  29  for  the  large  grain  size  (255ym)  material.  The  data  used 
for  Figures  26  to  29  Is  tabulated  In  Appendix  D. 

4.  STRAIN-RATE  EQUATION 

The  strain-rate  for  a large  number  of  pure  metals  and  alloys  has 
been  shown  (Section  II)  to  obey  a relation  such  as: 

e = Ao"  exp(-Q/RT)  (70) 


where 


e Is  the  strain  rate,  sec  ^ 

A Isa  constant  which  depends  on  structure  and 
which  may  have  a slight  temperature  dependence. 
This  constant  Includes  a diffusion  term  (D0), 
a Burger's  vector  term  (b),  and  a lattice 
vibration  term  (kT) . 


* Stress  will  be  used  Interchangeably  with  flow  stress  unless  otherwise 
Indicated. 


* 


] 

I 
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« 

a is  the  stress,  ksi  • 

Q is  the  apparent  activation  energy, 
cal/mol 

R is  the  universal  gas  constant,  1.987  cal/  1 

[(mol ) (T)j 

T is  the  temperature  in  degrees  Kelvin 

< 

In  order  to  determine  if  this  equation  applies  to  the  stress-strain  1 

rate-temperature  data  for  Ti-10V-2Fe-3Al , it  is  necessary  to  determine 
the  values  of  A,  n and  Q. 

t 

1 

a.  Determination  of  Activation  Energy  (M6D  = 255um) 

i 

Under  conditions  of  constant  stress  and  constant  structure, 

Equation  70  becomes  i 

e = A1  exp(-Q/RT)  (71) 

I 

Taking  the  logarithm  of  each  side  of  Equation  71,  results  in 

lne  = InA1  - {L  (72) 

< 

Equation  72  Is  recognized  as  a straight  line  with  Intercept 

b = InA'  = ln(Aon)  (73) 

and  with  slope 

m = -Q/R  (74) 

Th^actlvatlon  energy  can  be  determined  from  the  slope  of  a 
Inc  - 1/T  line  at  conditions  of  constant  stress  and  strain.  The  slope 
was  obtained  by  fitting  a least  mean  square  line  through  the  lne  - 1/T 
data. 

72 
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Variations  In  B and  C with  strain  were  observed,  suggesting  that  the 
activation  energy  might  be  strain  dependent  as  well. 

In  an  attempt  to  establish  the  strain  dependence,  the  activation 
energy,  and  hence  the  constants  B and  C were  determined  as  a function  of 
strain  for  each  temperature  region. 

The  stress-strain  rate-temperature  data  was  read  from  Figures 
28  and  29  for  five  strains  ranging  from  0.10  in/in  to  0.50  in/in  in  0.10 
in/in  Intervals.  The  data  for  0.50  in/in  strain  is  shown  in  Table  10. 

The  corresponding  data  for  0.10,  0.20,  0.30,  and  0.40  In/in  is  shown  in 
Appendix  D,  Tables  D.3a,  D.4a,  D.5a  and  D.6a  respectively.  The  lne-lno 
data  for  each  strain  was  fitted  with  a straight  line.  With  the  equation 
of  the  lne-lna  line  the  ordinate  (lne)  corresponding  to  a given  abscissa 
(lna)  value  was  easily  determined.  The  lne-lno  lines  at  constant  temper- 
ature are  shown  in  Figure  30a  for  0.50  in/in  strain  (and  in  Appendix  D, 
Figures  O.a  to  0.4a  for  the  remaining  strains).  The  lne-1/T  data  was 
fitted  with  a straight  line  at  each  strain-stress  condition  to  obtain 
the  slope  for  determination  of  apparent  activation  energy.  The  tempera- 
ture-strain rate-stress  data  for  Ti-10V-2Fe-3Al  forged  to  a strain  of 
0.50  in/in  is  shown  plotted  in  Figure  30b  and  listed  in  Table  10b.  The 
corresponding  activation  energy  is  also  included.  The  corresponding  data 
for  the  remaining  strains  is  included  in  Appendix  D (Figures  D.lb  to  D.4b 
and  .Tables  D.3b  to  D.6b). 


The  Q-lna  data  for  each  strain  was  fitted  with  a line  to  deter- 
mine the  stress  dependency  of  the  activation  energy.  The  Q-lna  equation 
for  each  strain  is  listed  in  Table  11.  The  equations  are  also  plotted 
in  Figures  31  and  32  for  the  temperature  region  below  and  above  the  beta 
transformation  temperature,  respectively.  The  activation  energy  depends 
on  strain  through  the  strain  dependency  of  the  constants  B and  C in 
Equation  77.  These  constants  are  plotted  as  a function  of  strain  in 
Figures  33  and  34  for  the  two  temperature  regions  below  and  above  the 
beta  transformation  temperature.  The  strain  dependency  for  B and  C is 
Included  in  Table  11. 
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The  activation  energy  can  now  be  written  In  terms  of  both  strain 
and  stress  for  each  temperature  region: 

Below  the  beta  transformation  temperature 


Q = B - C lna 


B = 118140  + 78250e 


C.  = 12590  + 36180c 


(78  a) 


(78b) 


Q = 118140  + 78250c  -(36180c)  lna  - 12590  lna  (79) 


Above  the  beta  transformation  temperature 


B = 61880  + 13920c 
C = 3810  + 9580c 

Q = 61880  + 13920c  -(9580c)  lna  - 3810  lna  (80) 


b.  Determination  of  the  Pre-Exponential  A and  Stress  Exponent 
n in  Equation  70  (M6D  = 255pm) 

For  each  temperature  region,  the  activation  energy  is  constant 
with  temperature  but  is  stress  dependent.  Substituting  Equation  77  into 
Equation  70  results  in 


e = Aa(n+C/RT)exp(-B/RT) 


(81) 


Taking  the  logarithm  of  each  side  of  Equation  81 


Inc  = (InA  - B/RT)  + (n  + C/RT)  1 no 


(82) 
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At  conditions  of  constant  temperature  and  constant  strain 
C/RT  are  constants.  Equation  82  becomes  the  equation  of  a 

both  B/RT  and 

straight  line 

lne  = b + m lna 

(83) 

The  values  of  A and  n can  be  calculated  from  the  intercept  and  slope  of 
the  lne-lna  lines 

InA  = b + B/RT 

(84) 

n = m - C/RT 

(85) 

The  slope  and  intercept  of  the  lne-lna  lines  are  shown  in  Table 
16  together  with  the  determined  value  for  the  pre-exponential  and  stress 
exponent.  The  stress  exponent  and  pre-exponential  are  summarized  in 
Table  12  as  a function  of  strain  for  both  temperature  regions.  The 
values  of  A and  n are  plotted  as  a function  of  strain  in  Figures  35  and 
36  respectively.  The  strain  dependency  of  A and  n is  given  below: 

For  the  temperature  region:  643  £ C < 799 


InA  = 41.973  + 41.41c  (86a) 

n = -2.358  - 17.32c  (86b) 

For  the  temperature  region:  799  < C £ 954 

InA  = 14.432  + 8.92e  (87a) 

n = 2.225  - 4. 86e  (87b) 


n = 2.225  - 4. 86e  (87b) 


T 
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c.  Stress-Strain  Rate-Temperature  Relationship  (MGD  3 255pm) 

The  relationship  between  stress-strain  rate  and  temperature  for 
T1-10V-2Fe-3Al  Is  given  by  Equation  81 

c = Aa(n+C/RT)exp(  B/RT)  (81) 

the  parameters  A,  n,  C and  B are  strain  dependent  and  constant  with 
temperature  in  two  regions: 


Below  the  beta  transus  temperature  643  <_  C <799 


B = 118140  + 78250e 

(88a) 

C 3 12590  + 361 80e 

(88b) 

n 3 2.358  - 17.32e 

(83c) 

InA  3 41.973  + 41.41c 

Above  the  beta  transus  temperature  799  £ C <954 

(88d) 

B 3 61880  + 13920c 

(89a) 

C 3 3810  + 9580c 

(89b) 

n 3 2.225  - 4.86e 

(89c) 

InA  3 14.432  + 8.92e 

(89d) 

Equation  81  can  be  expressed  In  a more  convenient  form  by  solving  for 

the  stress 

a 3 [_jL  exp  (B/RT)  ] V(n+C/RT) 

(81a) 
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The  stress  can  be  calculated  If  the  strain  rate,  strain  and 
temperature  are  known.  Since  the  strain  rate,  strain  and  forging  speed 
are  related  by  Equations  75  and  76  the  flow  stress  can  be  expressed  In 
terms  of  strain,  temperature,  and  forging  speed: 


•[* 


0455 


1.0208 


exp(e  + B/RT) 


] 


1/ (n  + C/RT) 


(81b) 


The  stresses  calculated  from  Equation  81  are  compared  to  the 
measured  stresses  In  Figure  37  and  Table  13.  The  various  forging  condi- 
tions are  Identified  with  a number  to  facilitate  future  reference.  The 
45°  line  drawn  In  Figure  37  represents  a perfect  correlation  between  the 
measured  and  the  calculated  stress  values. 


d.  Stress-Strain  Rate  - Temperature  Relationship  (M6D  = 8pm) 


The  stress-strain  rate- temperature  relation  for  Ti-10V-2Fe-3Al 
with  MGD  = 8pm  Is  given  by  Equation  81 


c = Ao{n  + C/RT  exp(-B/RT)  (81) 

The  parameters  A,  n,  C,  and  B were  determined  following  the  same  proce- 
dure used  for  the  material  with  larger  grains,  255pm  (previous  sections). 
The  data  used  for  the  determination  of  these  parameters  was  obtained  from 
Figure  15  and  16  and  Is  shown  In  Tables  D.8a,D.8b,  D.9,  and  D.10.  The 
values  of  the  parameters  are  summarized  below  for  the  temperature  range 
used: 


677  < C <788 
B ■ 170109  - 204084c 
C * 24611  - 44961c 


(90a) 

(90b) 
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1 1 

InA  = 67.293  - 99. 211 e (90c) 

n = -7.99  + 23.015e  (90d) 

The  stresses  calculated  from  Equation  81b  and  90  are  compared 
In  Table  14  and  In  Figure  38  for  a strain  of  0.50  In/In. 

5.  MECHANICAL  PROPERTIES 

The  tensile  properties  and  the  fracture  toughness  were  determined 
for  T1-10V-2Fe-3Al  forged  isothermally  at  various  temperatures  and  speeds. 
The  specimen  geometry  and  test  conditions  for  the  determination  of  the 
properties  are  shown  In  Figure  20.  The  forging  conditions  and  the  re- 
sulting properties  are  listed  In  Table  15  for  both  grain  sizes.  The 
properties  have  also  been  plotted  as  a function  of  the  calculated  flow 
stress  In  Figure  39  for  the  material  with  MGD  = 255pm  and  In  Figure  40 
for  the  material  with  MGD  = 8pm. 

6.  HARDNESS  DETERMINATION 

The  hardness  measurements  made  on  the  rings  with  MGD  = 255pm  are 
listed  In  Table  16  and  plotted  in  Figure  39  as  a function  of  oc.  All 
the  measurements  were  made  on  ring  forged  Isothermally  to  a nominal  strain 
of  0.50  In/In.  Each  harness  value  represents  the  average  of  ten  measure- 
ments on  the  Rockwell  C Scale. 

7.  MICROSTRUCTURE 

a.  Light  Microscopy 

The  microstructure  for  T1-10V-2Fe-3Al  with  MGD  * 8pm  forged 
Isothermally  to  nominal  strains  of  0.10  In/In  and  0.50  In/In  are  shown 
In  Figures  41  and  42,  respectively.  The  microstructures  corresponding 
to  the  MGD  * 255pm  are  shown  in  Figures  43  and  44.  Each  mlcrostructure 
Is  Identified  with  a forging  condition  number  for  easy  reference  to  the 
forging  conditions  listed  In  Tables  13  and  14. 
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b.  Transmission  Electron  Microscopy 

The  TEM  microstructures  for  Ti-10V-2Fe-3Al  forged  Isothermally 
at  various  conditions  are  shown  in  Figures  45  and  46  for  MGD  = 8pm  and 
MGD  = 255pm,  respectively.  Each  microstructure  is  identified  with  the 
forging  condition  number,  which  can  be  referenced  to  Tables  13  and  14 
and  to  Figures  41  to  44. 
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TABLE  10a 

STRESS-STRAIN  RATE-TEMPERATURE  DATA  FOR  T I - 1 OV- 2Fe- 3A1 
FORGED  ISOTHERMALLY  TO  0.50  IN/IN.  DATA  FROM 
FIGURES  28  and  29,  MGD  = 255pm 


Temperature 

(C) 

Forging 
Speed 
(V, Imp) 

643 

0.03 

3.00 

677 

0.03 

3.00 

704 

0.03 

3.00 

732 

0.03 

3.00 

760 

0.03 

3.00 

788 

0.03 

3.00 

871 

0.03 

3.00 

954 

0.03 

3.00 

2.091X10"3 
2. 301X10" 1 


Stress  (lrw.lnt) 
(<J  ,ksi) 


(3.043,-6 .17) 
(3.846,-1.4?) 


Intercept  Slope 
(b)  (m) 


2.091X10"3  16.8 

2.301X10'1  38.2 


2.091X10"3 

2.301X10"* 


2.091X10"3 

2.301X10"1 


2.091X10"3 

2.301X10'1 


2.091X10"3  4.3 

2 . 301X10" 1 16.0 


2.091X10"3 
2. 301X10" 1 


(2.821,-6.17) 

(2.643,-1.4?) 


(2.451,-6.17)  -17.522  4.632 

(3.463,-1.47) 


(2.262,-6.17) 

(3.366,-1.47) 


(2.001  ,-6.17) 
(3.203,-1.47) 


(1.459,-6.17) 
(2.773,-1 .47) 


(0.956,-6.17) 

(2.370,-1.47) 


-11.38? 
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TABLE  10b 

STRAIN  RATES  FOR  VARIOUS  STRESS  LEVELS  AND  TEMPERATURES  FOR 
Ti-10V-2Fe-3Al  FORGED  ISOTHERMALLY  TO  0.50  IN/IN. 

DATA  FROM  TABLE  10a,  MGD  = 255[im 


Temperature 

(C) 

Reciprocal 

Absolute 

IndCsec”1)  for 

stress  (ksl)  Indicated 

Temperature 
(1/K  X ICT^ 

10 

ZO 

30 

60 

50 

60 

70 

80 

663 

10.91 

-10.521 

-6.456 

-6.078 

-2.391 

-1 .082 

-0.013 

-0.891 

1.676 

67? 

10.53 

-9.138 

-5.172 

-2.853 

-1.20? 

0.070 

1.113 

1.995 

2.759 

706 

10.23 

-6.858 

-3.667 

-1.768 

-0.635 

0.598 

1.663 

2.15/ 

2.776 

732 

9.95 

-5.993 

-2.989 

-1.232 

[>.ol5 

0.982 

1.772 

2.661 

3.019 

760 

9.68 

-6.992 

-2.280 

-0.696 

3.632 

1.305 

2.018 

2.622 

3.166 

788 

9.63 

-6.268 

-1.686 

-0.176 

a 

1.726 

2.605 

2.979 

3.67? 

Intercept 

37.372 

29.368 

26.682 

21.357 

18.776 

16.672 

16.892 

13.353 

Slope 

-63801 

-32675 

-26163 

-21566 

-17358 

-15033 

-12558 

-10618 

Activation 

Energy 

87032 

66925 

51986 

62807 

35682 

HI 

26952 

20700 

871 


8.76 


-3.151 


-0.672 


0.778 


1.808 


2.605 


3.258 


3.809 


6.287 


956 


8.15 


-1.695 


0.608 


1 .955 


C.911 


3.652 


6.258 


6.770 


5.216 


Intercept 


18.618 


18.286 


18.216 


18.167 


18. 101 


18.072 


18.065 


18.019 


Slop; 


•26678 


• 21695 


-19969 


136'.  5 


-17729 


-16969 


-16288 


-13712 


Activation 

Energy 


69035 


6 3108 


39639 


07167 


35227 


33673 


32365 


31219 
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TABLE  11 


STRESS  AND  STRAIN  DEPENDENCY  OF  THE  APPARENT  ACTIVATION 
ENERGY  FOR  ISOTHERMALLY  FORGED  T i - 1 OV- 2Fe- 3A1 , 

MGD  = 255pm* 


APPARENT 

ACTIVATION  ENERGY 
(Q,  CAL/MOLE) 

STRAIN  FOR  TEMPERATURE  REGION 

(e,  in/in)  BELOW  TRANSUS 


APPARENT 

ACTIVATION  ENERGY 
(Q,  CAL/MOLE 
FOR  TEMPERATURE  REGION 
ABOVE  TRANSUS 


643 

<C<799 

799 

< C < 954 

0.10 

Q 

8 

128130  - 17060 

InO 

Q 

a 

63210  - 4740 

InO 

0.20 

Q 

a 

133010  - 19500 

lnO 

Q 

a 

64700  - 5740 

lncr 

0.30 

Q 

a 

139900  - 22740 

InO 

Q 

a 

66110  - 6710 

ln0 

0.40 

Q 

a 

146540  - 26000 

ln0 

Q 

a 

67480  - 7660 

InO 

0.50 

Q 

a 

160490  - 31900 

ln0 

Q 

a 

68780  - 8570 

InO 

B 

a 

118140  + 72250e 

B 

a 

61880  + 13920e 

C 

a 

12590  + 36180e 

C 

a 

3810  + 9580e 

* THE  STRESS  IS  IN  ESI 
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TABLE  12 

STRAIN  DEPENDENCY  OF  THE  PRE-EXPONENTIAL  AND  STRESS 
EXPONENT  FOR  ISOTHERMALLY  FORGED  T i - 1 OV- 2Fe- 3A1 , 
MGD  = 255um* 


643  < C 

< 799 

799  < 

C < 954 

STRAIN 
(e,  in /in) 

n 

InA 

n 

InA 

0.10 

-4.01 

45.81 

1.74 

15.32 

0.20 

-5.85 

50.38 

1.25 

16.22 

0.30 

-7.64 

54.71 

0.77 

17.11 

0.40 

-9.35 

58.75 

0.28 

18.00 

0.50 

-10.92 

62.33 

-0.205 

18.89 

* SEE  APPENDIX  D,  TABLE  D.7  FOR  THE  COMPLETE  SET  OF  DATA 
USED  TO  CALCULATE  ABOVE  VALUES 
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TABLE  13 

MEASURED  AND  CALCULATED  FLOW  STRESSES  FOR  Ti-10V-2Fe-3Al 
FORGED  ISOTHERMALLY  TO  0.50  IN/IN, 

MGD  = 255um* 


FORGING  CONDITIONS 


TEMPERATURE 


(C) 


(K) 


1227.4 


871  1144.1 


788  1060.8 


1033.2 


1005.2 


1227.4 


977.4 


871  I 1144.1 


788  1060.8 


643  916.3 


1033.2 


2.6 


CALCULATED  MEASURED 
STRESS  STRESS 

(oc.KSI)  (om.KSI) 


2.59 


4.30 


5.10 


7.23 


9.75 


10.68 


12.65 


16.00 


15.89 


19.27 


20.19 


23.91 


13 

732 

1005.2 

3.00 

28.79 

28.4 

14 

704 

977.4 

3.00 

33.83 

32.0 

15 

677 

949.7 

3.00 

38.97 

38.2 

16 

643 

916.3 

3.00 

45.20 

46.8 

(*)  The  ring  compression  test  (Appendix  C)  was  used  to  measure 
stresses  and  Equations  80,  88a  to  89d  used  to  calculate  stresses. 
The  following  values  of  Equations  88a  to  89d  were  used: 

643  < C < 799  799  < C < 954 


B(cal/mole) 

C(cal/mole-ksi) 

A(sec“*) 

n 


157265 

30680 

1.662xl027 

-11.018 


68840 

8600 

1.602x10® 

-0.205 
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TABLE  14 

MEASURED  AND  CALCULATED  FLOW  STRESS  FOR  Ti-10V-2Fe-3Al 
FORGED  ISOTHERMALLY  TO  0.50  IN/ IN,  MGD  = 8ym* 


* THE  RING  COMPRESSION  TEST  (APPENDIX  C)  WAS  USED  TO  MEASURE 
STRESSES  AND  EQUATIONS  80,  90a  TO  90d  USED  TO  CALCULATE 
STRESSES.  THE  FOLLOWING  VALUES  OF  EQUATIONS  90a  TO  90d  WERE  USED: 

B - 68067  CAL /MOLE 

C - 2131  CAL/MOLE-KSI 

A - 4.804xl07  SEC-1 

n - 3.512 
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ad  as  a Function  of  Apparent  Ring  Thickness 
nal  Forging  Speed  of  0.03  ipm,  MGD  = 8um 


Figure  25.  Schematic  of  Areas  Measured  with  the  Quantlmet  720 
Image  Analyzing  Computer 
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Figure  28.  Stress-Strain  Curves  for  T1-10V-2Fe-3Al  Forged  Isother- 
mal ly  at  0.03  ipm  (Nominal),  M6D  = 255um 
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Figure  29.  Stress-Strain  Curves  for  T1-10V-2Fe-3Al  Forged  Isother- 
mally  at  3.00  1pm  (Nominal),  MGD  = 255pm 
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A 0.10  IN/IN 
O 0.20  IN/IN 
V 0.30  IN/IN 
□ 0. AO  IN/IN 
O 0.50  IN/IN 

1190  < F < 1470 
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Figure  31.  Stress  Dependency  of  the  Apparent  Activation  Energy  at 
Various  Strains  for  T1-10V-2Fe-3Al  Forged  Isothermally 
in  the  Temperature  Region  643  < C < 799,  MGD  = 255wm 
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CALCULATED  STRESS,  0C,  KSI 


Figure  38.  Measured  vs.  Calculated  Stress  for  Ti-10V-2Fe-3Al 
Forged  Isothermally  to  0.50  In/In  (Nominal). 
Forging  Conditions  are  Given  in  Table  14, 

MGD  = 8um 
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Figure  39.  Room  Temperature  Mechanical  Properties  for  Ti-10V-2Fe- 
3A1  Isothermally  Forged  to  0.50  In/In  (Nominal)  Plotted 
as  a Function  of  Calculated  Flow  Stress,  ac,  MGD  = 255um. 

Fracture  Toughness,  W/A  (□  );  Ductility,  % Elongation, 
(A);  Ultimate  Strength,  UTS  (A),  Yield  Strength, 

0.2%  Offset,  YS  (O);  Hardness,  Rockwell  C (O  ) 
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CALCULATED  STRESS,  Oc,  KSI 

Figure  40.  Room  Temperature  Mechanical  Properties  for  T1-10V-2Fe- 
3A1  Isothermal ly  Forged  to  0.50  In/In  (Nominal)  Plotted 
as  a Function  of  Calculated  Flow  Stress,  oc,  MGD  = 8pm. 

Fracture  Toughness,  W/A,  ( □);  Ductility,  % Elongation 
(A)'*  Ultimate  Strength,  UTS  (A)i  Yield  Strength, 
0.20S  Offset,  YS  (O  ) 
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Figure  45. 


Microstructures  (TEM)  of  Ti-10V-2Fe-3Al  Forged  Iso- 
thermally  to  0.50  In/In  (Nominal)  MGD  = 8pm.  Forging 
Conditions:  a)  3,  1450°F(788°C) , 0.03  ipm;  b)  9, 

1 250°F(677°C) , 0.03  ipm;  c)  10,  1450°F(788°C) , 3.0 
ipm;  d)  15,  1250°F(677°C) , 3.0  ipm 
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Figure  46.  Microstructures  (TEM)  of  Ti-10V-2Fe-3Al  Forged  Iso- 

thermally  to  0.50  In/In  (Nominal).  Forging  Conditions 
a)  1 , 1750°F(954°C) , 0.03  ipm;  b)  2,  1600°F(871°C) , 
0.03  ipm;  c)  3,  1450°F(788°C) , 0.03  ipm;  d)  9,  1250°F 
(677°C),  0.03  ipm; 
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SECTION  V 
DISCUSSION 

1.  THE  RING  TEST 

The  ring  compression  test  is  a convenient  and  relatively  simple  way 
of  determining,  not  only  the  flow  stress,  but  also  the  friction  between 
the  workpiece  and  the  die  during  compression.  The  accuracy  of  the  values 
determined  depends  on  the  repeatability  of  the  test  conditions  and  on 
the  number  of  rings  forged.  A large  number  of  rings  forged  per  condition 
would  result  in  a better  flow  stress  determination,  assuming  all  other 
process  variables  are  properly  controlled.  A continuous  measurement  of 
the  load  and  geometry  could  produce  the  needed  information  for  calculation 
of  the  flow  stress  and  friction  while  forging  only  one  ring.  Although 
the  continuous  measurement  of  the  load  is  possible,  the  continuous 
measurement  of  the  diameters  presents  some  experimental  difficulty  not 
easily  overcome.  Nevertheless,  as  shown  in  Figure  47,  the  resulting 
diameters  (2AQ,  2A-j,  2Bq  and  2Bj)  can  be  related  to  the  as-forged  ring 
thickness.  It  might  be  possible  to  forge  a minimum  number  of  rings, 
obtain  continuous  load-thickness  curve  and  diameters-thickness  curves, 
and  interpolate  to  obtain  values  of  2AQ,  2A^ , 2Bq,  2B^ , and  L for  rings 
not  actually  forged. 

Unfortunately  this  procedure  requires  a fairly  close  correlation 
between  the  as-forged  ring  thickness,  Tr,  and  the  apparent  ring  thickness, 
Tr(x),  obtained  from  the  forging  records.  This  correlation  was  un- 
successfully attempted,  in  the  present  Investigation.  The  discrepancy 
between  Tr(x)  and  Tp  can  be  as  much  as  0.030  in.  This  difference 
represents  over  7%  of  the  ring  thickness  and  over  14%  of  the  reduction 
In  thickness,  for  the  largest  deformation. 

The  discrepancy  between  Tr(x)  and  Tr  can  be  attributed  to  the  following: 

1)  As  the  ring  is  being  forged.  It  Is  Initially  deformed  elastically. 

As  the  deformation  proceeds,  plastic  deformation  occurs.  The  elastic 
deformation  Is  recovered  as  the  ring  Is  unloaded.  Since  the  abscissa  of 
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the  forging  curves  represent  deformation  time,  part  of  the  deformation 
calculated  from  the  forging  records  is  therefore,  elastic  deformation. 

This  is  in  agreement  with  observed  results  Tr(x)  < T^..  The  forging 
records  are  not  proportional  to  the  stress  like  it  is  in  tension.  In 
compression,  a portion  of  the  load  delivered  to  the  specimen  is  utilized 
to  overcome  the  friction  between  the  die-specimen  interfaces.  The 
situation  complicates  since  friction  conditions  varies  with  specimen 
thickness,  and  the  contact  area  increases  with  deformation.  Accounting 
for  the  elastic  deformation  is  not  as  simple  as  unloading  the  specimen 
with  the  same  slope  as  the  initial  loading  on  a load-time  curve.  Perhaps 
a discrepancy  between  Tr(x)  and  Tp  of  a few  thousands  of  an  inch 
(0.001  to  0.006)  may  be  justified  by  this  elastic  behavior. 

2)  The  main  ram  slows  down  when  the  secondary  ram  comes  in  contact 
with  the  side  columns.  It  is  possible  that  some  deformation  occurs  in 
the  specimen  at  lower  speeds.  This  would  result  in  a thickness  calculated 
from  the  forging  record  smaller  than  that  measured  from  the  specimen. 

As  the  main  ram  slows  and  comes  to  a virtual  stop,  the  specimen  is  under 
load  for  a short  period  of  time,  some  relaxation  of  the  specimen  may 
occur. 

3)  Seldom  are  the  specimens  of  uniform  thickness  all  the  way  around. 
Differences  in  thicxness  across  the  diameter  of  a thousandth  or  two  is 
common. 

4)  The  lubricant  film  used  for  the  forging  operation  can  have  a 
thickness  of  0.004  inch  to  0.006  inch  on  each  side  of  the  ring.  As  the 
dies  touch  the  workpiece  and  move  closer,  the  film  becomes  thinner  and 
some  of  the  lubricant  is  squeezed  out.  Some  load  is  transmitted  to 
the  cell  through  the  workpiece,  but  little  or  no  actual  deformation  is 
seen  by  the  ring.  Perhaps  up  to  0.008  to  0.012  inch  discrepancy 
between  Tr(x)  and  Tr  may  be  explained  by  the  lubricant  thickness. 

5)  Another  source  of  the  difference  between  Tr(x)  and  Tr  Is  the 
simple  fact  that  the  forging  records  represent  a load-time  measurement 
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and  not  a load-thickness  record.  A 1/10  Inch  uncertainty  on  the  time 
axis  of  the  forging  record  represent  a deformation  of  0.005  Inch  at  a 
forging  speed  of  0.050  Ips  and  a chart  speed  of  1.0  Ips. 

If  it  is  of  Interest  to  obtain  diameter-thickness  and  load-thickness 
curves  to  interpolate  and  obtain  more  data  points  than  the  number  of 
rings  forged,  it  would  be  necessary  to  measure  the  die  separation  directly 
to  obtain  true  load-thickness  curves. 

2.  STRESS-STRAIN  CURVES 

A great  majority  of  the  stress-strain  curves  shown  In  Figures  26  to 
29  exhibit  negative  slopes.  All  these  except  one,  were  determined  at 
subtransus  temperatures.  The  exception  being  the  stress-strain  curve 
for  MGD  = 8pm  tested  at  0.03  ipm  and  1450°F(788°C) . As  the  test 
temperature  Increases,  the  stress-strain  curves  become  more  shallow,  the 
slope  becomes  progressively  less  negative.  Above  the  beta  transus  the 
curves  are  essentially  flat. 

This  decrease  in  flow  stress  with  Increasing  strain,  work  softening. 

Is  not  believed  to  be  caused  entirely  by  adiabatic  heating.  Although 
some  adiabatic  heating  In  fact  occurs  It  Is  not  believed  to  be  significant. 
For  example,  for  the  o-e  curve  at  1190°F(643°C) , 0.03  1pm  and 
MGD  = 255pm  the  Increase  In  temperature  for  up  to  0.20  In/In  was  about  9°F. 
According  to  Jonas  and  Luton  (Reference  59)  adiabatic  softening  Is 
more  likely  to  occur  at  higher  deformation  temperatures.  The  higher 
temperatures  In  Figures  26  to  29  show  less  decrease  of  stress  with  strain. 
Implying  (according  to  Jonas  and  Luton  (Reference  59))  that  a re- 
arrangement of  the  structure  Is  taking  place.  Instead.  Further  work 
In  this  area  may  be  justified;  for  example,  a study  of  the  change  In 
the  structure  with  strain  at  constant  temperature  and  speed. 

3.  ACTIVATION  ENERGY 


The  activation  energy  represents  some  energy  barrier  that  must  be 
overcome  before  the  particular  deformation  process  can  occur  and  can 


X 


AFML-TR-78-1 14 

produce  a deformation  increment.  An  increase  in  the  applied  stress 
could  supply  some  of  the  energy  necessary  to  overcome  the  barrier, 
resulting  in  an  effective  lowering  of  the  activation  energy.  The 
activation  energy  then  becomes  stress  dependent. 

The  dependency  of  the  activation  energy  on  strain  could  be  viewed 
as  a change  in  the  energy  barrier  brought  about  by  a change  in  the 
structure.  This  argument,  although  reasonable,  and  consistent  with 
the  negative  slope  of  the  stress  strain  curves,  presents  some  questions 
that  should  be  considered. 

Below  the  beta  transus,  the  alloy  is  in  a two-phase  region  and 
changes  in  the  structure  occur  with  changes  in  temperature.  Nevertheless, 
the  activation  energy  is  temperature  independent.  Above  the  transus,  the 
alloy  is  in  a single  phase  region.  It  nevertheless,  has  been  known  to 
deform  under  stress  (Bohanek  (Reference  14)  and  this  investigation). 

Changes  in  structure  above  the  transus  could  occur  under  hot-working 
conditions  thereby  resulting  in  changes  in  activation  energy  with  strain. 

4.  STRESS-STRAIN  RATE-STRAIN-TEMPERATURE  RELATION 

Equation  81b  represents  a relation  between  stress,  strain,  forging 
speed,  and  temperature  for  T1-10V-2Fe-3Al . The  strain  dependency  of 
the  pre-exponential  and  stress  exponent  and  the  stress  and  strain 
dependency  of  the  activation  energy,  make  this  relation  a complex  one. 

In  spite  of  the  complexity,  the  equation  can  be  used  to  determine  stress, 
strain  rate,  strain,  and  temperature  data  for  the  alloy  under  hot-working 
conditions.  The  accuracy  and  range  of  applicability  of  the  variables 
could  be  improved  and  extended,  if  desired,  by  additional  testing. 

It  was  not  possible  to  Include  in  this  equation  the  effects  of 
grain  size  because  only  two  grain  sizes  were  Investigated  and  the 
equation  is  more  complex  than  anticipated. 

The  only  other  strain  rate  equation  (Equation  1)  for  T1-lOV-2Fe-3Al 
was  reported  by  Rosenberg  (Reference  13)  based  on  work  by  Chen  (Reference  8). 
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The  value  of  stress  obtained  from  Rosenberg's  Equation  (Equation  1)  at 
t 3 1.4x10"^  sec"^  and  T = 704C  Is  17.77  ksl.  From  Table  D.3a  the  flow 
stress  for  isothermal ly  forged  Ti-10V-2Fe-3Al  at  the  same  strain  rate 
and  temperature  is  17.3  ksl.  Although  the  results  compare  favorably,  it 
should  be  pointed  out  that  the  data  used  by  Rosenberg  is  tensile  data 
with  no  reference  to  the  grain  size  or  strain,  whereas  the  data 
presented  in  this  investigation  is  for  isothermal  forging,  this  particular 
value  of  17.3  ksl  is  for  a strain  of  0.10  in/in  and  MGD  = 255ym. 

5.  MECHANICAL  PROPERTIES  AND  STRUCTURES 

The  mechanical  properties  shown  plotted  in  Figure  39  and  40,  as  a 
function  of  calculated  flow  stress,  exhibit  a dependency  on  the  forging 
conditions.  Forging  essentially  below  the  beta  transus  results  in  low 
toughness  and  ductility  and  high  yield  and  ultimate  strength.  These 
results  are  in  general  agreement  with  results  from  Bohanek  (Reference  14) 
who  also  found  no  deterioration  in  ductility  as  a result  of  beta  forging 
T1-10V-2Fe-3Al . These  results  are  an  exception  to  the  accepted  idea  that 
forging  in  the  beta  region  results  in  reduced  ductility  compared  to 
forging  in  the  alpha  + beta  region.  (See  Section  I I. 2 and  the  open 
literature).  It  should  be  remembered  that  the  fracture  toughness  and 
tensile  data  (in  Figures  39  and  40)  represent  an  average  from  two 
specimens  per  forging  condition  and  that  the  properties  were  determined 
for  only  five  forging  conditions. 

The  hardness  values  shown  (Figure  39)  (although  somewhat  scattered) 
exhibit  a long  trend  relation  with  forging  conditions  and  with  the 
resulting  room  temperature  properties.  The  relation  between  hardness 
and  UTS  should  not  be  considered  as  a precise  one,  but  rather  as  a 
simple,  fast  and  economical  method  for  screening  relative  strength 
properties.  Determination  of  the  yield  and  ultimate  strength  requires 
tension  tests. 


A relation  exists  between  properties  and  forging  conditions, 
represented  here  by  the  calculated  flow  stress,  o£.  It  does  appear 
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possible  to  predict  the  room  temperature  mechanical  properties  resulting 
from  particular  forging  conditions  based  on  the  flow  stress.  For 
example,  the  flow  stress  oc>  for  forging  at  1 750°F(954°C)  and  3.0  ipm 
is  from  (Table  13)  10.7  ksi.  For  Figure  39  the  predicted  room  temperature 
mechanical  properties  are: 

YS  =122  ksi 
UTS  = 136  ksi 
%E1  = 19 

W/A  = 940  in-lb/in2 
H =32.7+1.5  Rockwell  C 

Increasing  the  grain  size  from  8pm  to  255pm  results  in  a rather 

small  increase  in  flow  stress.  The  resulting  room  temperature  properties 

are  not  significantly  different,  except  for  a consistent  improvement  of 
2 

about  250  in-lb/in  in  the  toughness  of  the  larger  grain  size  material 
for  all  levels  of  flow  stress  (forging  conditions)  considered.  The 
ductility  is  in  general  better,  for  the  smaller  grain.  The  ductility 
and  toughness  maximum  and  the  corresponding  minimum  in  yield  strength 
that  occurred  at  above  transus  temperatures  for  the  larger  grain  size 
cannot  be  explained  at  present.  The  absence  of  these  property  maxima 
and  minima  for  the  sm«,ll  grain  size  is  not  unexpected,  since  this 
material  was  not  forged  at  temperatures  above  the  transus. 

The  material  with  the  smaller  grain  size  (Figures  41  and  42)  shows 
evidence  of  grain  refinement  as  the  forging  temperature  decreases. 

At  the  higher  strain  the  structure  becomes  less  well  defined.  As  the 
forging  temperature  is  lowered,  alpha  coalesces  and  grows  at  the 
boundaries  and  becomes  finer  and  more  evenly  distributed  within  the 
grains.  The  effect  of  forging  speed  is  not  very  clear.  At  higher 
temperatures,  the  higher  speed  results  in  a definite  increase  of  alpha 
both  at  grain  boundaries  and  intragranular.  This  effect  is  not  obvious 
at  lower  temperatures.  The  Increase  of  alpha  with  decreasing  temperature 
makes  It  more  difficult  to  detect  Increase  In  alpha  with  speed  without 
a quantitative  determination. 
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The  samples  with  the  larger  grain  size  (255pm)  show  evidence  of 
deformation  at  the  higher  strain  (Figure  44).  The  samples  forged  at 
1750°F(954°C)  and  1600°F(871°C)  for  both  speeds  and  for  the  slow  speed 
at  1450°F(788°C)  show  titanium  martensite  or  alpha  prime  covering  a 
large  portion  of  the  surface  (Figures  43  and  44).  The  grain  boundaries 
of  these  samples  (Figure  44)  are  jagged  and  Irregular.  The  remaining 
samples  (1450°F,  3.0  ipm  and  both  speeds  at  lower  temperatures, 

Figures  43  and  44)  have  even  grain  boundaries  with  fine  sub-grain 
structure,  assumed  to  be  alpha.  The  sub-grain  structure  becomes  finer 
for  the  samples  with  higher  flow  stress. 

Lower  forging  temperatures  and  higher  forging  speeds  result  in 
lower  toughness  and  ductility  and  higher  yield  and  ultimate  strength. 
These  same  forging  conditions  also  results  in  higher  content  of  finer 
and  more  evenly  distributed  alpha.  (See  Figures  41,  42,  45,  and  46). 
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SECTION  VI 
CONCLUSIONS 


The  evidence  presented  in  this  investigation  supports  the  following 
conclusions: 


1)  The  flow  stress  of  isothermal ly  forged  T1-10V-2Fe-3Al  depends 
on  the  forging  conditions  (temperature  and  speed)  and  to  a lesser  extent 
on  the  initial  grain  size.  The  value  of  the  flow  stress  can  be  used 

to  characterize  the  forging  conditions. 

2)  The  room  temperature  mechanical  properties  (tensile,  hardness 
and  toughness  (W/A) ) for  isothermally  fogged  Ti-10V-2Fe-3Al  depend 
primarily  on  the  forging  conditions  (flow  stress).  The  properties 
depend  on  initial  grain  size  to  a lesser  extent. 

3)  The  resulting  room  temperature  mechanical  properties  for  iso- 
thermally forged  Ti-10V-2Fe-3Al  may  be  predicted  from  knowledge  of  the 
flow  stress  (forging  conditions). 


4)  In  general,  Isothermally  forged  T1-10V-2Fe-3Al  at  temperatures 
above  the  beta  transus  will  result  In  higher  toughness  (W/A)  and 
ductility  as  compared  to  forging  below  the  transus. 

5)  Lower  forging  speeds  results  In  higher  toughness  (W/A)  and 
ductility  and  lower  strength  compared  to  higher  speed. 

6)  The  microstructures  resulting  from  Isothermally  forged 

T1 - 1 0V- 2Fe-3Al  also  depend  on  forging  conditions.  Forging  at  temperatures 
above  the  beta  transus  results  In  beta  grain  with  varying  amounts  of 
alpha  prime.  In  this  temperature  region  twinning  results  In  both  the 
alpha  and  beta  phase.  Forging  at  sub- transus  temperatures  results  In 
the  formation  of  sub-grain  structure  assumed  to  be  mainly  alpha  precipitate. 
Some  microstructures,  specially  at  higher  magnifications  (25K  and  above) 
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show  what  appear  to  be  cell  structures.  Lower  forging  temperatures 
results  in  a finer  structure.  The  dislocations  are  not  easily 
distinguished  in  any  of  the  samples  inspected. 

7)  The  value  of  the  deformation  parameters  A,  n and  Q depends  on 
grain  size  and  strain  and  are  constant  with  temperature  in  two  regions, 
above  and  below  the  beta  transus.  The  apparent  activation  energy  Q, 

is  also  stress  dependent. 

8)  The  flow  stress  for  isothermally  forged  Ti-lOV-2Fe-3Al  can  be 

expressed  in  terms  of  forging  temperature,  forging  speed  and  strain:  i 

o = p-Q45-5  V1,0208  exp(e  + B/RT)]  '1^n  + c/RT) 

i 

The  parameters  A,  B,  n and  C are  grain  size  and  strain  dependent 
and  constant  with  temperature  in  two  regions,  above  and  below  the  beta 
transus. 

9)  The  room  temperature  hardness  (Rockwell  C)  for  isothermally 
forged  Ti-10V-2Fe-3Al  has  a long-term  dependency  on  flow  stress  (forging 
condition).  The  Rockwell  C hardness  may  be  used  as  a screening  method 
for  estimating  relatively  large  changes  in  strength.  Determination  of 
yield  and  ultimate  strength  requires  tension  test. 

10)  The  stress  strain  curves  for  sub-transus  forging  temperatures 
exhibit  work  softening,  resulting  mainly  from  a change  in  the  micro- 
structure as  a result  of  precipitation  of  the  alpha  phase.  At  higher 
forging  temperatures,  the  slope  of  the  stress  strain  curves  becomes 
less  negative.  Above  the  transus  the  curves  are  essentially  flat. 

11)  Finally,  a well  established,  but  nevertheless  valid  conclusion. 

Higher  forging  temperatures  and  slower  forging  speeds  result  in  lower 
flow  stress. 

I 
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SECTION  VII 
RECOMMENDATIONS 


During  the  course  of  this  investigation,  a number  of  areas  were 
identified  as  areas  that  require  additional  information.  Supplementary 
work  on  these  areas  is  beyond  the  scope  of  the  present  investigation. 
Nevertheless,  better  understanding  of  these  topics  would  add  to  the 
general  knowledge  of  the  effects  of  processing  conditions  on  the 
properties  and  microstructures  of  Ti-lOV-2Fe-3Al  and  other  alloys. 

These  areas  are  identified  below  hoping  they  will  serve  as  guidelines 
for  future  research. 


1)  Verify  that  the  room  temperature  mechanical  properties  (tensile, 
toughness)  of  isothermally  forged  and  water  quenched  Ti-10V-2Fe-3Al 
may  be  predicted  from  knowledge  of  the  forging  conditions  (flow  stress). 


2)  Investigate  if  the  relation  between  forging  conditions  (flow 
stress)  and  room  temperature  properties  applies  to  other  properties, 
other  titanium  alloys,  other  materials  or  other  post  forging  heat 
treatments  such  as  air-cool. 


j)  Investigate  the  grain  size  dependency  of  the  parameters  A,  B,  C 
and  r.  in  Equation  81. 

4)  Investigate  the  possibility  that  the  Inc  - 1/T  curves  for  the 
approximate  temperature  range  1190°F  to  1300°F  may  not  have  a constant 
slope. 

5)  Investigate  the  change  In  microstructure  with  strain  for 
Ti-10V-2Fe-3Al  at  a fixed  temperature  and  forging  speed. 

6)  Investigate  the  formation  of  the  omega  phase  in  Ti-10V-2Fe-3Al 
and  its  effects  on  the  room  temperature  properties. 


« 
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APPENDIX  A 

MEASUREMENT  OF  GRAIN  SIZE 

The  grain  sizes  were  determined  by  using  a linear  intercept  method 
that  is  in  general  agreement  with  ASTM  standard  El  12-74.  In  the  method 
used,  a line  pattern  (Figure  A.l)  was  drawn  on  a transparent  plastic 
and  used  to  count  linear  intercept  from  microphotographs  of  the  structure 
under  study.  The  magnification  of  the  photograph,  the  intercept  count, 
and  the  length  of  the  line  pattern  were  used  to  calculate  the  mean 
grain  diameter,  MGD. 

The  criteria  for  counting  intercepts  was  incorporated  directly  from 
paragraph  10.3  of  ASTM  El  12-74: 


Condition  Intercept  Count 

1)  Test  line  cuts  grain  boundary  1 

2)  Test  line  ends  inside  a grain  1/2 

3)  Test  line  tangent  to  grain  boundary  1 

4)  Test  line  cuts  tripoint  1-1/2 


When  the  grain  sizes  were  measured  for  equiaxed  grains,  the  intercepts 
were  counted  on  three  different  fields  and  the  average  intercept 
distance  computed  using  Equation  A.l  and  identified  as  mean  grain 
diameter 


MGD  = L = A.l 

where 

n is  the  total  number  of  intercepts 
L Is  the  total  length  of  test  lines 
M is  the  magnification  of  the  mi(:rophotograph 
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When  the  grain  sizes  were  measured  for  deformed  grains,  the  inter- 
cepts were  measured  in  at  least  two  different  fields,  each  in  a different 
plane  perpendicular  to  each  other.  In  each  field,  the  intercepts  were 
measured  in  two  mutually  perpendicular  directions  using  the  parallel 
lines  of  the  line  pattern.  The  average  intercept  distance  was  computed 
using  Equation  A. 3 and  identified  as  mean  grain  diameter 


L = 


M[ ( n/L ) r + 


WU" 


+ (n/Ll^T 


A. 2 


MGD  = L 


(L/n)r/(L/n)t,  (L/n) f/ (L/n) n 


A. 3 


The  factors  (n/L) 


(n/L)t,  and  (n/L)^  are  the  intercepts  per  unit 


length  of  line  pattern  in  each  of  the  three  orthogonal  directions  r,t 
and  n.  The  system  of  coordinates  used  to  identify  directions  and  planes 
is  shown  in  Figure  A. 2. 


The  ratios  (L/n)r>/L/n)t  and  (L/n)r/(L/n)n*  are  shape  factors. 
These  ratios  are  an  indication  of  how  deformed  the  grains  are.  The 
combination  photograph  magnification  and  length  of  line  pattern  used 
was  selected  such  that  at  least  50  intercepts  would  result  from  each 
field. 


i 


- T»* 


♦The  normal  direction  "n",  will  be  the  direction  of  extrusion  or  forging 


which  will  be  identified  by 


where  appropriate. 
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APPENDIX  B 

CALIBRATION  OF  THE  FORGING  PRESS  RAM  SPEED 

The  analysis  of  the  ring  test  data,  Section  IV,  requires  an  accurate 
knowledge  of  the  forging  press  ram  speed.  For  this  reason  the  ram  speed 
was  measured  In  the  velocity  range  of  Interest  for  this  Investigation. 

The  speed  was  measured  using  a ruler,  a pointer,  and  an  electronic  digi- 
tal clock.  The  ruler  was  attached  to  the  frame  of  the  forging  press  and 
the  pointer  to  the  ram.  The  time  was  measured  for  a known  movement  of 
the  ram  at  each  of  the  five  nominal  speeds,  (Table  B.l).  The  travel  of 
the  ram  was  then  plotted  against  time  for  all  the  measurements  at  the 
same  speed  (Figure  B.l).  The  true  ram  speed  was  then  calculated  as  the 
slope  of  the  travel-time  curve,  using  a least  square  linear  regression 
technique.  The  nominal  speed  was  then  plotted  versus  true  speed  In  log- 
log  coordinate  system  (Figure  B.2).  The  equation  relating  the  true  forg- 
ing speed  (TS)  to  the  nominal  speed  (V)  Is 

TS  = 1.0912  (V)1,0208’  1pm* 


* TS  = 1.16638  (v)1*0208,  cm/sec 
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TIME-DISPLACEMENT  DATA  FOR  THE  RAM  OF  THE 
500-T0N  LOMBARD  HYDRAULIC  FORGING  PRESS 


KAM  TRAVEL 

(RT,  1/16  INCH) 

RAM  DISPLACEMENT 
SPEEDS  (V,  IPM) 

0.031  0.101 

TIME  (SECS) 
INDICATED 

0.502 

FOR  NOMINAL 

1.001 

3.01 : 

1 

— 

37 

8 

— 

— 

2 

— 

69 

15 

— 

— 

3 

— 

106 

21 

— 

— 

4 

— 

139 

28 

14 

5 

5 

— 

178 

36 

— 

— 

6 

— 

208 

43 

21 

— 

7 

818 

248 

— 

— 

— 

8 

938 

288 

— 

28 

10 

9 

1061 

324 

64 

— 

— 

10 

1175 

360 

— 

35 

— 

11 

1296 

395 

78 

— 

— 

12 

1414 

432 

— 

42 

14 

13 

1529 

468 

92 

— 

— 

14 

1651 

503 

— 

49 

— 

15 

1766 

539 

106 

— 

— 

16 

1880 

576 

— 

56 

18 

17 

2003 

613 

120 

— 

— 

18 

2127 

648 

— 

63 

— 

20 

— 

— 

— 

70 

23 

24 

— 

— 

— 

84 

27 

28 

— 

— 

— 

98 

31 

32 

— 

— 

— 

— 

36 

36 



__ 

___ 



40 
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arging  Press 
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APPENDIX  C 

MATHEMATICAL  ANALYSIS  FOR  A RING  IN  COMPRESSION 

The  determination  of  the  flow  stress  of  a material  using  the  ring 
compression  test  Is  based  on  the  mathematical  analysis  of  the  hollow 
disk  made  by  Avltzur  (References  56,  57)  and  on  the  method  of  solution 
to  Avltzur's  equations  by  DePierre  and  Gurney  (Reference  58).  Avitzur 
developed  an  equation  for  the  ratio  of  the  average  forging  pressure  to 
the  flow  stress  of  the  material  (P/o0)  In  terms  of  the  neutral  radius 
(Rn),  the  ring  geometry  (Figure  19),  the  Interface  friction  (m)  between 
the  die  and  the  ring,  and  a bulge  parameter  (b).  Avltzur  obtained  this 
equation  for  P/o0  as  an  upper  bound  solution  to  the  balance  of  power  on 
the  ring  specimen.  Minimization  of  the  power  with  respect  to  b results 
in  an  equation  of  the  bulging  parameter  In  terms  of  Rn,  m,  and  the  ring 
geometry.  Since  there  are  only  three  equations  and  four  unknowns  (o0, 
m,  b and  Rn),  the  value  of  Rn  and  m are  chosen  by  successive  approxima- 
tions to  minimize  the  factor  P/o0 . 

Avltzur  considered  the  bulge  formation  through  the  selection  of  a 
radial  velocity  field,  UR,  which  Is  a function  of  y (Figure  19).  His 
analysis  assumes  that  the  ring  being  deformed  has,  Initially,  no  bulge. 
Successive  approximations  of  the  variables  Rn  and  b to  minimize  P/o0 
does  not  take  Into  consideration  a ring  that  already  has  a bulge. 

Before  presenting  a summary  of  Avltzur's  analysis  It  Is  appropriate 
to  list  the  applicable  assumptions: 


1)  The  ring  does  not  rotate  during  forging,  therefore,  Oq  = o 

2)  The  material  Is  Incompressible 


The  material  Is  a Von-MIses  material,  therefore, 

a)  It  obeys  Von-MIses'  stress-strain  law 

b)  It  obeys  Von-MIses'  yield  criteria 

c)  hydrostatic  stresses  have  no  effect  on  yielding  or  flow 
of  the  material 
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d)  It  is  perfectly  plastic 
Summary  of  Avitzur's  Analysis  (References  56,  57) 

Consider  a ring  deformed  in  compression  by  two  flat  dies  each  moving 
at  a speed  of  U/2,  as  shown  In  Figure  19.  The  power  delivered  by  the 
forging  press,  will  be  used  to  deform  the  ring  and  to  overcome  the  fric- 
tion between  the  ring-die  interface.  Through  a balance  of  power,  an  upper 
bound  solution  is  obtained  for  the  ratio  Pav/aQ  in  terms  of  the  ring  geo- 
metry (R0,  Ri»  T),  the  interface  friction  (m),  the  neutral  radius  (Rn). 
and  the  bulge  parameter  (b). 

Pay  = r f"  Po  Pq  m b"l 

LrT’'t  * *Ro*  J * (C.  1 ) 

The  values  of  Pav»  Ro»  Rl  and  T can  be  obtained  from  experimental  measure- 
ments but  m,  b,  oq  and  Rn  remain  unknowns. 


Since  the  equation  for  Pav/aQ  was  obtained  from  consideration  of  upper 
bound  theorem  (References  56,  57),  the  values  for  Rn  and  b should  be  those 
that  minimize  the  total  power  and  hence,  the  ratio  Pav/o0-  An  equation 
is  obtained  for  b by  minimizing  Pav/^o  with  respect  to  b.  The  value  of 
Rn  is  chosen  by  successive  approximations  to  minimize  the  ration  P/o0. 

The  resulting  equations  for  the  ratio  P/o0  for  a ring  deformed  ir  compres- 
sion between  two  dies  are  given  by  Equations  C.2  to  C.9. 

DePlerre  and  Gurney's  Solution  to  Avitzur's  Equations 

DePierre  and  Gurney  modified  Avitzur's  analysis  of  the  hollow  disc 
and  developed  a computer  program  to  calculate  o0  and  m (Reference  58). 

They  developed  an  equation  for  the  neutral  radius,  Rn,  In  terms  of  the 
ring  geometry  and  corrected  for  the  bulged  specimen  by  calculating  an 

*Th1s  equation  corresponds  to  Equations  6 and  7 In  Reference  57, Equation  6 
applies  for  Rn  < Rl  and  Equation  7 for  Rl  <_  Rn  £ Ro-  The  thickness  T 
corresponds  to  Tr  In  the  main  body. 
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equivalent  ring  geometry  for  equal  ring  volume  without  a bulge.  They 
also  derived  an  expression  for  the  friction,  m,  that  minimizes  P/o0. 

This  approach  refined  the  calculation  of  o0  and  m and  offered  a correction 
for  bulge  formation. 

The  calculations  of  aQ  and  m using  the  ring  test  can  be  further  Im- 
proved by  minimizing  the  bulge.  This  can  be  accomplished  by  choosing  a 
thin  ring,  and  by  utilizing  a lubricant  for  the  forging  operation  that 
results  In  the  lowest  friction  possible. 
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DATA  USED  FOR  DETERMINATION  OF  FLOW  STRESS 
ACTIVATION  ENERGY,  PRE-EXPONENTIAL  AND  STRESS 
EXPONENT 


i 
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TABLE  D.l 

SUMMARY  OF  THE  RING  TEST  DATA  FOR  ISOTHERMALLY  FORGED 
Ti-10V-2Fe-3Al.  MGD  = 8 um. 


Pressure 


Temperature 

(C) 

Forging 

Speeu 

(V ,1pm) 

Thickness 
(Tc,  in) 

677 

0.03 

0 . 400 

0.3626 


0.3274 


0.2883 


Stress 

Strain 

(o ,ksi) 

(c,  in/in} 

0.2656 


0.2245 


0.4005 


0.3713 


0.3134 


0.2973 


0.2685 


0.2357 


56.5 

1.038 

57.5 

1.110 

58.0 

1.120 

59.0 

1.412 

62.0 

1.19? 

0.400 


0.3560 


0.3281 


0.2905 


0.2629 


0.2438 


0.3570 

36.0 

1.036 

37.5 

0.114 

0.3258 

37.5 

1.0u9 

34.6 

0.203 

0.2909 

38.5 

1.120 

30.1 

0.319 

0.2628 

40. 0 

1.164 

27.5 

0.420 

0.2313 

44.5 

1.254 

25.1 

0.548 
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TABLE  D.l  (CONTINUED) 

SUMMARY  OF  THE  RING  TEST  DATA  FOR  ISOTHERMALLY  FORGED 
T1-10V-2Fe-3Al.  MGD  = 8 pm. 


[Temperature 


(C) 


forging 

Speed 

(V,lpm) 


788 


0.03 


788 


3.00 


Thickness 
(Tc,  in) 


forging 
Load 
(L.IOOQ  lbs)| 


Pressure 

Stress 

(P/a) 


Stress 
(a,  ksi) 


Strain 
(c,  in/in) 


0.400 


0.3579 


6.9 


1.144 


0. 3229 


7.5 


1.206 


0.2923 


8.5 


1.233 


0.2681 


9.9 


1.229 


0.2419 


10.5 


1.229 


6.6 


6.2 


6.2 


6.8 


6.4 


0.111 


0.214 


0.314 


0.400 


0.503 


0.4005 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

0.3585 

21.5 

1.066 

21.9 

0.111 

0.3204 

23.0 

1.078 

20.7 

0.223 

0.2930 

24.0 

1.098 

19.4 

0.313 

0.2621 

26.5 

1.125 

18.8 

0.424 

0.2327 

29.3 

1.149 

18.0 

0.543 
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TABLE  D.2 

SUMMARY  OF  RING  TEST  DATA  FOR  ISOTHERMALLY  FORGED 
Ti-10V-2Fe-3Al . MGD  = 255  um. 


temperature  Purging 
(C)  Speed 

(V.ipm) 


tor  }■  i ng  Pressure 

Tliickness  Load  Stress 

(Tc,  In)  (I,,  1000  ll,s)  (P/o) 


0.3990 


Stress 
(o ,ks  i ) 


Stra In 
( f , 1 n / i n ) 


0.3525 


0.3015 


0.2710 


0.2263 


0.3567 

80.75 

1.118 

78.43 

0.115 

0.3278 

78.80 

1.116 

70.61 

0.199 

0.3072 

7 7.80 

1.141 

63.98 

0.264 

0.2655 

77.57 

1.213 

53.85 

0.410 

0.2272 

77.57 

1.318 

42.36 

0.566 

0.400 


0.3642 


0.3270 


0.2971 


0.2676 


0.2498 


0.400 


0.3510 


0.3122 


0.2795 


0.2690 


0.2252 
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TABLE  D. 2 (CONTINUED) 

SUMMARY  OF  RING  TEST  DATA  FOR  ISOTHERMALLY  FORGED 
T1-10V-2Fe-3Al.  MGD  = 255  urn. 


Temperature  Forging 
(C)  Speed 

(V,  ipm) 


— ~r~~ 


17.1 

1 .069 

16.6 

0.135 

17.1 

1.099 

19.3 

0.256 

17.8 

1.122 

12.5 

0.903 

20.0 

1.199 

11.3 

0.553 

— 

— 

— 

— 

50.5 

1.000 

53.9 

0.099 

50.5 

1.097 

90.9 

0.289 

51.5 

1.136 

35.5 

0.908 

59.0 

1.203 

29.9 

0.571 

Forging  Pressure 
Thickness  Load  Stress — 
(Tc,  In)  (L.1000  lbs)  (P/a) 


0.1995 

0.3990 

0.3093 

0.2671 

0.2297 

0.3995 

0.3620 

0.3007 

0.2657 

0.2256 

0.900 

0.3600 

0.3262 

0.2939 

0.2699 

0.2387 

0.3995 

0.3681 

0.3181 

0.2960 

0.2669 

0.2269 


Stress 
(a ,ksi) 


Strain 
(t: , 1 n / 1 n ) 


13.2 

1.139 

12  8 

0.105 

13.5 

1.222 

11.0 

0.209 

19.2 

1.268 

10.3 

0.308 

15.8 

1.399 

9.7 

0.917 

18.8 

1.957 

9.7 

0.516 

91.3 

1.008 

95.6 

0.082 

93.0 

1.068 

39.0 

0.228 

93.0 

1.102 

35.3 

0.300 

93.0 

1.131 

30.8 

0.903 

95.5 

1.190 

26.7 

0.568 
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TABLE  D.3a 


STRESS-STRAIN  RATE-TEMPERATURE  DATA  FOR  T 1 - 1 0V-2Fe- 3A1 
FORGED  ISOTHERMALLY  TO  0.10  IN/IN.  DATA  FROM  FIGURES 
28  AND  29.  MGD  = 255  pm. 
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TABLE  D. 3b 

STRAIN  RATES  FOR  VARIOUS  STRESS  LEVELS  AND  TEMPERATURES 
FOR  T1-10V-2Fe-3Al  FORGED  ISOTHERMALLY  TO  0.10  IN/IN. 
DATA  FROM  TABLE  D.3A.  MGD  = 255  urn. 


Temperature  Reciprocal 
(C)  Absolute 

Temperate* 


lm*  (sec: 

1 ) for  stress 

(ksl)  Indicated 

10 

1 20  1 

30  1 40 

50  1 

1 60 

70 

1 80 

8 .433  -6.506  -5.139  -4.079  -1.846 


-7.701  -5.646  -4.188  -3.057  -0.675 


704 

10.23 

-8.841 

-5.969 

-4 . 290 

-3.098 

-2.173 

-1.418 

-0.780 

-0.226 

732 

9.95 

-7.496 

-4.896 

-3.374 

-2.295 

-1.458 

-0.774 

-0.196 

0.305 

760 

9.68 

-6.769 

-3.939 

-2.284 

-1.109 

-0.198 

0.546 

1.176 

1.721 

788 

9.43 

-5.470 

-2.939 

-1 .458 

-0.407 

0.408 

1.073 

1.636 

2.124 

Intercept 

36.674 

33.591 

31.787 

30.507 

29.315 

28.704 

28.018 

B 

Slope 

-44716 

-38765 

-35284 

B 

-30899 

-29333 

-28010 

-26863 

Activation 

Energy 

88851 

77026 

70110 

65202 

61395 

58285 

55656 

53378 

871 

8.74 

-3.673 

-1.014 

0.542 

1.645 

2.502 

3.201 

3.793 

A.  305 

954 

8.15 

-2.120 

0.442 

1.940 

3.004 

3.828 

4.502 

5.072 

5.566 

Intercept 

19.335 

20.550 

21.261 

21. 766 

22.157 

22.677 

22.74? 

22.981 

.‘rope 

-26325 

-24673 

-23707 

-23021 

-22489 

-22053 

-2168/ 

-21  M 

Act ivat ion 
Energy 

52308 

49025 

47105 

45743 

44686 

43823 

43093 

42460 
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TABLE  D.4a 

STRESS-STRAIN  RATE-TEMPERATURE  DATA  FOR  T1-10V-2Fe-3Al 
FORGED  ISOTHERMALLY  TO  0.20  IN/IN.  DATA  FROM  FIGURES 
28  AND  29.  MGD  = 255  um. 


Temperature* 

CO 

Korning 
Speed 
( V , i mp ) 

Strain 

Kate 

(t.aec  ') 

Stress 
(o ,ksi) 

( 1 m , Inc  ) 

Intercept 

(b) 

Slope 

(m) 

643 

0.03 

1.549X10" 3 

26.6 

(3.281 ,-6.47) 

-22.360 

4.84  3 

3.00 

1. 705X10" 1 

70.2 

(4.251,-1.77) 

67? 

0.03 

1.549X10"3 

22.1 

(3.096,-6.47) 

-22.240 

5.094 

3.00 

1.705X10  1 

”-6 

(4.018,-1.77) 

704 

0.03 

1.549X10"3 

m 

(2.728,-6.4?) 

-17.982 

4.220 

3.00 

1.705X10  1 

KB 

(3.842,-1.77) 

732 

0.03 

1.549X10"3 

11.3 

(2.425,-6.47) 

-15.595 

3.763 

3.00 

1.705X10  1 

39.4 

(3.674,-1.77) 

760 

0.03 

1.549X10"3 

9.1 

(2.208,-6.47) 

-15.146 

3.929 

3.00 

1.705X10  1 

30.1 

(3.405,-1.77) 

788 

0.03 

1.549X10"3 

pg 

(1.902,-6.47) 

-13.343 

3.614 

3.00 

1.705X10"’ 

SB 

(3.203,-1.77) 

871 

0.03 

1 . 549X10  3 

m 

(1.526,-6.47) 

-12.224 

3.7  70 

3.00 

1.705X10  1 

16.0 

(2.773,-1.77) 

954 

0.03 

1.549X10-3 

2.9 

(1.065,-6.47) 

-10.303 

3.600 

3.00 

1.705X10-' 

10.7 

(2.37,-1.77) 
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TABLE  0.4b 

STRAIN  RATES  FOR  VARIOUS  STRESS  LEVELS  AND  TEMPERATURES  FOR 
T1-10V-2Fe-3Al  FORGED  ISOTHERMALLY  TO  0.20  IN/IN.  DATA  FROM 
TABLE  D.4A.  MGD  = 255  pm. 


Temperature 

(C) 

Reciprocal 
Absolute 
Temperature 
(l/K  X HT4 

10 

Ini (sec 

20 

-1)  for 

30 

(tress  (k 

40 

si)  lndl 

50 

cated 

60 

70 

80 

64  3 

10.91 

-11.208 

-7851 

-5.887 

-4.494 

-3.413 

-2.530 

-1.780 

-1.137 

671 

10.53 

-10.510 

-6.979 

-4.913 

-3.448 

-2.311 

-1.382 

-0.597 

0.084 

704 

10.23 

-8.265 

-5.340 

-3.628 

-2.414 

-1.473 

-0.703 

-0.053 

0.511 

732 

9.95 

-6.93 

-4.322 

-2.796 

-1.713 

-0.873 

-0.187 

0.393 

0.895 

760 

9.68 

-6.099 

-3.376 

-1.783 

-0.653 

0.224 

0.940 

1.546 

2.071 

78  b 

i 

9.43 

-5.023 

-2.518 

-1.053 

-0.013 

0.793 

1.452 

2.009 

2.491 

Intercept 

36.881 

32.939 

30.633 

28.996 

27.727 

26.690 

25.813 

25.054 

Slope 

-44348 

-37546 

-33568 

-30745 

-28555 

-26766 

-25254 

-23944 

Activation 

Energy 

88119 

74604 

66700 

61090 

56739 

53185 

50179 

47576 

671 

6.74 

-3.542 

-0.929 

0.600 

1.685 

2.526 

3.214 

3.795 

4.298 

«54 

8.15 

-2.014 

0.482 

1.941 

2.977 

3.781 

4.437 

4.992 

5.473 

Intercept 

19.101 

19.965 

20.47 

20.829 

21.107 

21.334 

21.526 

21.693 

Slope  % 

-25908 

-23906 

-22735 

-21904 

-21259 

-20733 

-20288 

-19902 

Activation 

Energy 

51479 

47501 

45174 

43523 

42243 

41196 

40312 

39545 

153 
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TABLE  D. 5a 


STRESS-STRAIN  RATE-TEMPERATURE  DATA  FOR  T1-10V-2Fe-3Al  FORGED 
ISOTHERMALLY  TO  0.30  IN/IN.  DATA  FROM  FIGURES  28  AND  29. 


Temperature 

(C) 


Forging  Strain 
Speed  Rate 

(V,imp)  (c,sec”') 


(o  ,ksi) 


1.88X10 


1.712X10-3  13.7 

1.88X10“'  40.6 


1.712X10-3  10.3 

1.88X10"*  35.0 


1.712X10-3 

1.88X10“' 


1. 712X10"3 
1.88X10“' 


(Inc , lnt) 

Intercept 

(b) 

Slope 

(m) 

(3.186,-6.37) 

(4.121,-1.67) 

-22.399 

5.030 

(2.986,-6.37) 

(3.8927-1.67) 

-21.856 

5.187 

(2.617,-6.37) 

(3.704,-1.67) 

-17.694 

A. 326  1 

(2.332,-6.37) 

(3.55,-1.67) 

-15.331 

3.842 

(2.092,-6.37) 

(3.135,-1.67) 

-14.390 

3.834 

(1.825,-6.37) 

(3.135,-1.67) 

-12.911 

3.385 

871 

0.03 

3.00 

1. 712X1 J~3 
1. 88X10“ ' 

4.5 

16.00 

(1.504,-6.37) 

(2,773,-1.67) 

-11.943 

3.705 

954 

0.03 

1 . 712X10”3 
1.88X10“' 

2.8 

(1.030,-6.37) 

-9.980 

3.506 

3.00 

10.7 

(2.370,-1.67) 
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TABLE  D. 5b 

STRAIN  RATES  FOR  VARIOUS  STRESS  LEVELS  AND  TEMPERATURES  FOR 
T1-10V-2Fe-3Al  FORGED  ISOTHERMALLY  TO  0.30  IN/IN.  DATA  FROM 
TABLE  D.5A.  MGD  = 255  urn. 


Reciprocal 

Absolute 

Inc (sec 

'*)  for 

itreufj  (ksi)  indicated 

Temperature 
(l/K  X 10-'*) 

10 

20 

30 

40 

10 

60 

70 

80 

10.91 

-10.816 

-7.329 

-5.289 

-3.842 

-2.720 

-1.802 

-1.07.7 

-0.355 

10.53 

-9.913 

-6.318 

-4.215 

-2.723 

-1.565 

-0.620 

0.180 

0.873 

10.23 

-7.732 

-4.733 

-2.979 

-1.734 

-.769 

0.020 

0.687 

1.264 

9.95 

-6.684 

-3.820 

-2.262 

-1.157 

-.300 

0.401 

0.993 

1.506 

9.68 

-5.562 

-2.905 

-1.350 

-0.247 

0.608 

1.307 

1.898 

2.410 

9.63 

-4.656 

-2.171 

-0.717 

0.314 

1.114 

1.768 

2.320 

2.799 

Intercept 

37.069 

32.023 

29.070 

26.976 

25.351 

24.021 

22.901 

21  .929 

Slope 

-44060 

-36129 

-31489 

-28197 

-25644 

-23556 

-21794 

-20266 

Activation 

Energy 

87548 

71788 

62569 

56028 

50955 

46805 

43305 

40268 

871 

8.74 

-3.411 

-0.843 

a 

1.725 

2.552 

3.227 

3.798 

4.29  3 

954 

8.15 

-1.907 

0.523 

1.944 

2.953 

3.735 

4.374 

4.915 

5.383 

Intercept 

18.872 

19.393 

19.699 

19.915 

20.083 

20.220 

20.336 

20.437 

Slope 

-25495 

-23154 

-21784 

-20812 

-20059 

-19443 

-18922 

-18471 

Activation 

Energy 

50659 

46007 

43285 

41354 

39857 

38633 

37598 

36702 

155 


f 
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TABLE  D.6a 

STRESS-STRAIN  RATE-TEMPERATURE  DATA  FOR  T1-1 0V-2Fe-3Al  FORGED 
ISOTHERMALLY  TO  0.40  IN/IN.  DATA  FROM  FIGURES  28  AND  29. 

MGD  = 255  yin. 


Temperature 

(C) 


Forging 

Strain 

Speed 

Rate 

(V , Imp) 

(c.aec  *) 

0.03 

1.89 2X1 O' 3 

3.00 

2.080X10* 

0.03 

1 .892X10'3 

3.00 

2.080X10  1 

0.03 

1 . 89 2X1  O' 3 

3.00 

2.080X10  1 

0.03 

1.89 2X10" 3 

3.00 

2. 080 XI  O'1 

0.03 

1.892X10"3 

3.00 

2.080X10  1 

0.03 

1.89 2X10" 3 

3.00 

2.080X10  * 

Stress  (Ino.lne) 
(o.ksl) 


Intercept  Slope 
(b)  (ra) 


871 

0.03 

3.00 

954 

0.03 

3.00 

1.892X10'3 
2.080X10  1 


1.892X10"3  2. 

2.080X10'1  10.7 
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TABLE  D. 6b 

STRAIN  RATES  FOR  VARIOUS  STRESS  LEVELS  AND  TEMPERATURES  FOR 
T1-10V-2Fe-3Al  FORGED  ISOTHERMALLY  TO  0.40  IN/IN.  DATA  FROM 
TABLE  D.6A.  MGD  = 255  pm. 


Kcc lprocal 
Abaoluie 
Temperature 
(1/K  X 10-'*) 

10 

Inc (sec 

20 

'*)  for  i 

30 

itre^s  (k 

AO 

si)  lndl 

50 

rated 

60 

70 

80 

10.91 

-10.578 

-6.875 

-A. 710 

-3.173 

-1.981 

-1.00? 

-0.186 

0.529 

10.53 

-9. *09 

-5.707 

-3.562 

-2.006 

-0.816 

0.160 

_ 

0.983 

1.696 

10.23 

-7.226 

-6.151 

-2.356 

1.078  ! 

-0.089 

0.719 

1.602 

1.996 

9.95 

-6.168 

-3.375 

-1.752 

-0.601 

0.291 

1.021 

1.638 

2.172 

9.68 

-5.215 

-2.569 

-0.990 

0.116 

0.976 

1.675 

2.268 

3.782 

9.63 

-6.609 

-1.886 

j -0.607 

0.661 

1.656 

2.118 

2.680 

3.166 

. 

Intercept 

36.986 

30.877 

27.306 

26.769 

22.803 

21.196 

19.838 

18.662 

Slope 

-63617 

-36566 

-29261 

-25676 

-22556 

-20170 

-18153 

-16605 

Activation 

Energy 

8666? 

i _____ 

68666 

58101 

50621 

66818 

60078 

, 

36069 

32597 

8.76 

-3.281 

-0.758 

0.719 

1.766 

2.578 

3.262 

3.803 

6.289 

8.15 

-1.801 

0.565 

1.969 

2.931 

3.692 

6.315 

6.861 

5.297 

Intercept 

18.666 

18.836 

18.966 

19.023 

19.083 

19.133 

19.175 

19.211 

Slope 

-25088 

-22616 

-20853 

-19765 

-18885 

-18182 

-17588 

-17073 

Activation 

Energy 

69869 

66561 

61636 

39233 

37526 

36128 

36967 

33926 

157 
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TABLE  D. 7 (CONTINUED) 

DATA  USED  FOR  DETERMINATION  OF  PRE-EXPONENTIAL  AND  STRESS 
EXPONENT,  FOR  ISOTHERMALLY  FORGED  Ti-10V-2Fe-3Al . MGD  = 
55  um. 


Temperature  | II  C 

(C)  I (K)  I (cal/mole)  (cal/mole-ksi ) 


wmmMmm 


732 


760  11033.0 


788  I 1060.8 


1153.1  67647 


122  .4 


3'HUK  STRAIN  OR  0.50  In/ In 


916.3  157270 


949.7 


Intercept 

(b) 

Slope 

(m) 

-22.877 

5.  341 

-21.704 

5.34J 

-17.431 

4 .433 

-15.361 

4.001 

-14.069 

. 3.845 

-12.797 

3.643 

1 nA 

(sec-1) 


AVERAGE  VAEUE 


-11.664  3.641 


732  1005.2 


760  1033.0 


788  1060.8 


871  1144.1  | 68840 


954  I 1227.4 


AVERAGE  VALUE 


-24.026  5.865 


-22.313  5.722 


-17.558  4.646 


-15.973  4.334 


-14.  OO-1  3.913 


-12.843  3.724 


AVERAGE  VALUE 


-11.387  3.577 


AVERAGE  VALUE 


59 . 20 

SH 

57.49 

-9.00 

59.52 

-o . 50 

59.46 

-9.55 

58.74 

-9 . 34 

o 

CO 

4T» 

-9 . 1 9 

58.75 

-9.35 

18.00 

+ J.28 

18.00 

+0.28 

13.00 

0.28 

62.35 

-10.98 

61.03 

-10.53 

63.42 

-11.15 

62.77 

-11.02 

62.62 

-11 .03 

61.77 

-10.83 

62.33 

-10.92 

18.89 

-0.206 

18.89 

-0.204 

18.89 

-0.205 

f 
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TABLE  0.8a 


STRESS-STRAIN  RATE-TEMPERATURE  DATA  FOR  T1-10V-2Fe-3Al  FORGED 
ISOTHERMALLY  TO  VARIOUS  STRAINS.  DATA  FROM  FIGURES  26  AND  27. 
MGD  = 8 um. 


Temperature 

(C) 

Forging 

Speed 

Strain 

Rate 

Stress 

(lno,  Inc) 

Intercept 

Slope 

(V,ipm) 

(e , sec'1) 

(a ,ksi) 

(b) 

(m) 

TRUE  STRAIN  OF  0.10  in/in 


1.401X10”3  23.3  (3.148,-6.57)  -22.439 


1.542X10"1  59.2  (4.081,-1.87) 


1.401X10'3  11.9  (2.477,-6.57)  -18.210 


1. 542X10” 1 38.4  (4.648,-1.87) 


0.03 


3.00 


TRUE  STRAIN  OF  0.20  in/ in 


677 


1.401X10"3  6. 


(1.856,-6.57)  -13.585  3.779 


1. 54 2X10” 1 1 22.2  (3.100,-1.87) 


0.03 

1.549X10  3 

19.7 

(2.981,-6.47) 

3.00 

1. 705X10” 1 

52.2 

(3.955,-1.77) 

0.03 

1.549X10”3 

11.2 

(2.416,-6.47) 

3.00 

1.705X10”1 

34.2 

(3.532,-1.77) 

0.03 

1.549X10” 3 

6.4 

(1.856,-6.47) 

3.00 

1.705X10”1 

20.8 

(3.035,-1.77) 
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TABLE  D.8a  (CONTINUED) 

STRESS-STRAIN  RATE-TEMPERATURE  DATA  FOR  Ti-10V-2Fe-3Al  FORGED 
ISOTHERMALLY  TO  VARIOUS  STRAINS.  DATA  FROM  FIGURES  26  AND  27 


Forging 

Speed 

Strain 

Rate 

Stress 

(lno,  lne) 

Intercept 

Slope 

(V,ipm) 

(e ,sec"‘) 

(a.ksi) 

(b) 

(m) 

TRUE  STRAIN  OF  0.40  in/ in 


677 


1 . 89 2X10” 3 15.4  (2.7  4, -6. 27)  -19.079  4.685 


2.082X10”1  42.0  (3.748,-1.57) 


1.892X10'3  10.0  (2.303,-6.27)  -16.709  4.533 


2. 082X10” 1 28.2  (3.339,-1.57) 


0.03  1.892X10 


(1.856,-6.27)  -14.367  4.362 


3.00 


TRUE  STRAIN  OF  0.50  in/ in 


2.082X10”1  18.8  (2.934,-1.57) 


2.091X10  3 

14.3 

2. 301X10” 1 

38.6 

2. 091X1 O'3 

9.6 

2. 301X10” 1 

26.1 

2.091X10”3 

6.4 

3. 301X10” 1 

18.2 

(2. 

,660, 

-6.17) 

(3. 

.653, 

-1.47) 

(2. 

,262, 

-6.17) 

(3. 

,262, 

-1.47) 

(1. 

.856, 

-6.17) 

(2. 

.901, 

-1.47) 

-18.761 


-16.798 


-14.518 
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TABLE  D.8b 

STRAIN  RATES  FOR  VARIOUS  STRESS  LEVELS  AND  TEMPERATURES  FOR  T1- 
10V-2Fe-3Al  FORGED  ISOTHERMALLY  TO  VARIOUS  STRAINS.  DATA  FROM 
TABLE  D.8A.  MGD  = 8 ym. 


Temperature 

Reciprocal 

(C) 

Absolute 

Temperature 

lne(sec_1)  for  stress  (ksi) 

indicated 

(l/K  X lO-4) 

10 

NJ 

o 

o 

JN 

o 

cn 

O 

| 60  | 70 

80 

TRUE  STRAIN  OF  0.10  in/in 


677 

10.53 

-10.834 

-7.340 

-5 . 296'' 

-3.846 

-2.721 

-1 . 802 

-1.020 

-0.352 

732 

9.95 

-7.388 

-4.130 

-2.224 

-0.872 

0.177 

1.034 

1.758 

2.386 

788 

9.43 

-4.884 

-2.264 

-0.732 

0.355 

1.198 

1.887 

2.470 

2.974 

INTERCEPT 

46.328 

41.605 

38.835 

:•  .872 

35.346 

34.102 

33.055 

32.139 

SLOPE 

-54193 

-46322 

-41711 

-38442 

-35902 

-33831 

-32083 

-30561 

ACTIVATION 

ENERGY 

107681 

92041 

82879 

76383 

71337 

67221 

63749 

60726 

TRUE  STRAIN  OF  0.20  in/in 


677 

10.53 

-9.740 

-6.397 

-4.441 

-3.054 

-1.978 

-1.098 

-0.355 

0.289 

732 

9.95 

-6.947 

-4.029 

-2.322 

-1.110 

-0.171 

0.597 

1.246 

1.808 

788 

9.43 

-4.690 

-1.926 

-0.310 

0.838 

1.727 

2.454 

3.069 

3.602 

INTERCEPT 

38.689 

36.410 

35.065 

34.131 

33.392 

32.786 

32.287 

31.852 

SLOPE 

-45952 

-40649 

-37535 

-35346 

-33633 

-32232 

-31060 

-30043 

ACTIVATION 

ENERGY 

91307 

80769 

74582 

70233 

66830 

64045 

61716 

59695  | 

TRUE  STRAIN  OF  0.30  ir./in 


677 

10.53 

-8.927 

-5.659 

-3.747 

-2.390 

-1.338 

-0.478 

J.249 

-0.878 

732 

9.95 

-6.583 

-3.556 

-1.785 

-0.528 

0.446 

1.242 

1.916 

2.499 

788 

9.43 

-4.496 

-1.585 

0.118 

1.326 

2.263 

3.028 

3.676 

4.236 

INTERCEPT 

33.493 

33.310 

33.201 

33.118 

33.057 

32.999 

32.962 

->2.924 

SLOPE 

-40284 

-37021 

-35111 

-33750 

-32698 

-31830 

-31108 

-30478 

ACTIVATION 

ENERGY 

80045 

73562 

69766 

67061 

64972 

63247 

61812 

60560 
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TABLE  D.8b  (CONTINUED) 

STRAIN  RATES  FOR  VARIOUS  STRESS  LEVELS  AND  TEMPERATURES  FOR  T1- 
10V-2Fe-3Al  FORGED  ISOTHERMALLY  TO  VARIOUS  STRAINS.  DATA  FROM 
TABLE  D.8A.  MGD  = 8 pm. 


Temperature 

(c) 

Reciprocal 

Absolute 

lntCsec"-1)  for  stress  (ksi  )indicated 

Temperature 
(l/K  X 10"") 

10  1 

20  | 30  | 40  | 50  | 60  | 

70  1 

| BO 

TRUE  STRAIN  OF  0.040  in/ in 


677 

10.53 

-8.293 

-5.046 

-3.146 

-1.799 

-•753 

0.101 

0.823 

1.449 

732 

9.95 

-6.270 

-3.128 

-1.289 

0.015 

1.026 

1.853 

2.552 

3.157 

788 

9.43 

-4.323 

-1 . 300 

0.468 

1.723 

2.696 

3.492 

4.164 

4.746 

INTERCEPT 

29.664 

30.776 

31.418 

31.888 

32.237 

32.237 

32.784 

32.990 

SLOPE 

-36068 

-34036 

-32839 

-32004 

-31341 

-30815 

-30362 

-29963 

ACTIVATION 

ENERGY 

71667 

67629 

65250 

63592 

62276 

61230 

60329 

59536 

TRUE  STRAIN  OF  0.50  in/in 


677 

10.53 

-7.863 

-4.582 

-2.663 

-1.301 

-0 . 245 

0.618 

1.347 

1.979 

732 

9.95 

-5.978 

-2.721 

-0.816 

0.536 

1.585 

2.442 

3.166 

3.794 

788 

9.43 

-4.163 

-1.046 

0.778 

2.071 

3.075 

3.895 

4.588 

5.188 

INTERCEPT 

27.512 

29.265 

30.298 

31.017 

31 . 589 

32.053 

32.445 

32.779 

SLOPE 

-33615 

-32144 

-31293 

-30674 

-302J8 

-29823 

-29500 

-29213 

ACTIVATION 

ENERGY 

66792 

63871 

62178 

60949 

60023 

59558 

58617 

5804’ 
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TABLE  D. 9 

DATA  FOR  DETERMINATION  OF  PRE-EXPONENTIAL  AND  STRESS 
EXPONENT  FOR  ISOTHERMALLY  FORGED  Ti-10V-2Fe-3Al . MGD  = 


Temperature  „ _ 

1 , B c 

(C)  | (K)  (cal/mole)  (cal/mole-!csi 


TRUE  STRAIN  OF  0.10  in/in 


677  949.7  149701 


732  1005.2 


1060.8 


TRUE  STRAIN  OF  0.20  in/in 


677  949.7  129292 


732  1005.2 


788  1060.8 


TRUE  STRAIN  OF  0.30  in /in 


677  949.7  108884  11123 


732  1005.2 


788  1060.8 


TRUE  STRAIN  OF  0.40  in/in 


677  949.7  88475 


732  1005.2 


788  Il060.8 


TRUE  STRAIN  OF  0.50  in/in 


677  949.7  68067 


732  10052 


788  1060.8 


Intercept 

(b) 

Slope 

(m) 

-22.439 

5.040 

-18.210 

4.700 

-13.585 

3.779 

AVERAGE  V 

'ALUES 

-20.846 

4.823 

-16.642 

4.210 

-13.872  . 

3.988 

AVERAGE  VALUES 


-19.785 

4.716 

-16.640 

4.367 

-14.165 

4.199 

AVERAGE  VALUES 


-19.079  4.685 


-16.709  4.533 


-14.367  4.362 


AVERAGE  VALUES 


-18.761  4.733 


-16.798  4.699 


-14.518  4.497 


AVERAGE  VALUES 


InA 

(sec-1 ) 


56.892 


56.740 


57.437 


57.023 


47.669 


48.090 


47.468 


47.742 


37.916 


37 . 875 


47.492 


37.761 


27.806 


27.588 


27.608 


27.667 


17.310 


17.281 


17.775 


17.455 


-5.619 


-5.371 


-5.764 


-5.585 


-3.454 


-3.610 


-3.422 


-3.495 


-1.178 


-1.202 


-1.078 


-1.153 
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TABLE  D. 10 

STRESS  AND  STRAIN  DEPENDENCY  OF  THE  APPARENT  ACTIVATION  ENERGY, 
STRESS  EXPONENT  AND  PRE-EXPONENTIAL  FOR  ISOTHERMALLY  FORGED 


Ti- 

10V-2Fe-3Al,  MGD  = 8 pm. 

STRAIN 
(e, IN/IN) 

APPARENT 

ACTIVATION 

ENERGY 

(Q,  CAL/MOLE) 

STRESS 

EXPONENT 

n 

PRE-EXPONENTIAL 

InA 

0.10  . 

Q = 159683  - 22582  InO 

-5.585 

57.023 

0.20 

Q = 126317  - 15206  InO 

-3.495 

47.742 

0.30 

Q = 101638  - 9374  lna 

-1.153 

37.761 

0.40 

Q = 85089  - 5830  lna 

1.202 

27.667 

0.50 

Q = 76358  - 4163  lna 

3.574 

17.455 

B = 170109  - 204084e 

C = 24611  - 44961e 

InA  = 67.293  - 99.21e 

n = 7.99+23.015e 

165 
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Figure  D.2a.  Strain  Rate-Stress  Relation  for  Ti-10V-2Fe-3Al  Forged 
Isothermally  to  0.20  In/In,  MGD  = 255)jm 
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Figure  D.2b.  Strain  Rate-Reciprocal  Absolute  Temperature  for  Ti-lOV- 
2Fe-3Al  Forged  Isothermally  to  0.20  In/In.  Data  Used 
to  Calculate  Apparent  Activation  Energy,  MGD  = 255pm 


169 


SEC 


AFML-TR-78-114 


1 X 104 
T 

Figure  D.4b.  Strain  Rate-Reciprocal  Absolute  Temperature  for  Ti-lOV- 


2Fe-3Al  Forged  Isothermally  to  0.40  In/In.  Data  Used 
to  Calculate  Apparent  Activation  Energy,  MGD  = 255pm 
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